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Abstract 
The economic and ecological problems caused by biological invasions underline the importance of 
invasive species management. Evidence showed that invasive species management aiming to 
mitigate and reverse negative invasion impacts may lead to unexpected side effects to other 
ecosystem components, which call for integrating management into broader ecosystem goals rather 
than manipulating single invasive species in isolation. Decision-making is limited by a severe lack 
of knowledge yet confronted with urgent needs of conservation management. In this thesis, I focus 
on developing practical approaches to assist decision-making of invasive species managements in 
the face of limited information. 
It can be challenging to resolve the conflicts between invasive species management and other 
conservation goals. In Chapter 2, I propose to incorporate potential management impacts into a 
formal decision analysis from a cost-benefit perspective. I conduct a systematic literature review of 
studies that reported perverse outcomes of invasive plant management, to provide insights for risk 
identification for future control activities. My results show that there are only 26 publications that 
identified negative outcomes from plant management. It is possible that such perverse outcomes are 
merely uncommon, yet we identify that research and publishing biases exist and suggest that the 
negative impacts of management may have been overlooked. Next, I discuss existing and potential 
approaches that can be used to identify management risks and reconcile management conflicts, and 
suggest ways to improve current approaches and facilitate better decision analyses for future 
management. In the following chapters, I illustrate a number of approaches to assist invasive 
species management decision-making and illustrate these approaches using two real world 
management problems. 
Chapter 3 and Chapter 4 use network approaches to inform decision-making on the management of 
introduced cats (Felis catus) and rats (Rattus rattus) on Christmas Island. In chapter 3, I conduct a 
qualitative assessment based on available information to evaluate a number of potential 
management strategies, which vary in their intensity of both rat and cat control and also vary in cost 
of implementation. These actions were derived in consultation with on-ground managers from 
Christmas Island. The assessment suggests that given sufficient resources the optimal strategy is 
island wide cat eradication with rat control efforts. This suggestion is also supported by the network 
analysis. Island-wide cat eradication only may lead to secondary impacts through meso-predator 
release of rats, yet when the resource is limited this strategy still yields more benefits than other 
management actions such as island-wide cat control, or cat and rat control that are restricted in 
specific regions. 
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In Chapter 4, I developed a novel approach by combining a qualitative modelling approach with 
Boolean analysis to examine the effects of different management strategies of cats and rats on 
Christmas Island. This approach qualitatively simulates species population dynamics under various 
management scenarios, which omits specific quantitative details yet is still able to provide robust 
predictions when little information is available. The results demonstrate that cat eradication without 
rat control incurs a higher risk to native species and additional rat control is likely to reduce this 
risk. Results of the assessment based on our current knowledge (Chapter 3) and results of the 
modelling approach (Chapter 4) complement each other, suggesting similar strategies for managing 
introduced cats and rats on Christmas Island: prioritizing rat control efforts in habitats of native 
animals of high conservation concern is likely to generate efficient benefits and minimize the risks 
of the cat eradication program. 
In Chapter 5, I propose a structured framework to facilitate decision-making of non-native species 
management in Antarctica. The framework is based on a Structured Decision-Making process 
incorporating a set of decision tools, which is able to inform decision-making in a transparent and 
rigorous manner. I illustrate the utility of this framework using a case study of management of a 
non-native plant species, Poa annua in Antarctica Peninsular. In particular, through a Structured 
Decision Making process, management objectives and potential management options for P. annua 
eradication are identified. I then illustrate how a Bayesian network model can be useful for 
estimation of consequences of different management options, and how a number of tools and 
methods can be used to evaluate trade-offs and identify optimal management solution(s). This 
framework and its application to the P. annua case study bring forward a practical way to cope with 
future non-native species management issue for Antarctica. 
The research in this thesis utilizes a range of approaches to predict management outcomes and 
evaluate trade-offs to inform decision-making on invasive species managements when they may 
lead to potential perverse outcomes. For real-world management problems, decision-making often 
hindered by a lack of knowledge and resources constraints. I show in this thesis that by using 
modelling approaches with limited information, we are able to provide robust suggestions that can 
be used by managers for future decision-making in invasive species management. 
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Chapter 1 
Introduction 
Biological invasions represent a pervasive and accelerated global change, which challenge the 
conservation of biodiversity and natural resources, and incur considerable economic losses (Strayer 
2012, Simberloff et al. 2013). Introduced species have been shown to be the leading cause of 
extinction of birds and the second most prevalent cause of extinction of fish and mammals through 
predation, competition, disease and habitat modification (Clavero and García-Berthou 2005, Szabo 
et al. 2012). Invasive species can further alter ecological processes and ecosystem function by 
modifying physical environmental conditions, changing the frequency and/or intensity of 
disturbance regimes, and altering the trophic structure of ecosystems by changing species 
interactions (Vitousek 1996, Levine et al. 2003, Ehrenfeld 2010, Simberloff 2011). 
The economic and ecological problems resulting from biological invasions underline the 
importance of management of invasive species (Simberloff et al. 2005). Invasive species 
management can lead to the spectacular recovery of native species and ecosystems (Cooper 1995, 
Kennedy et al. 2005, Ratcliffe et al. 2010, Le Corre et al. 2015, Sommerfeld et al. 2015). Yet a 
number of studies highlight the risks of management failures. Invasive species can be hard to 
manage given their inherent ‘invasive’ traits such as rapid growth, high fecundity, great dispersal 
ability, and superior ability to exploit resources (Mooney and Cleland 2001, Brown and Sax 2004, 
Pyšek and Richardson 2007). Even if the invaders are successfully suppressed, it can be difficult to 
restore an invaded ecosystem to a desired or historical state (Hobbs et al. 2006, Hobbs et al. 2009). 
Management interventions can also lead to unexpected perverse effects on native species and 
ecosystems, creating new management problems (Simberloff 2001, Zavaleta et al. 2001). 
In this thesis I focus on addressing the potentially perverse effects of invasive species management 
and explore a suite of tools to assist decision-making for invasive species management which take 
both the ecosystem benefits and costs of management into account. The overall aim of this thesis is 
to emphasize the importance of considering and evaluating the potential risks of invasive species 
management actions (Chapter 2) and to develop predictive tools to evaluate the benefits and costs of 
different management strategies to assist decision-making and future practices for invasive species 
management (Chapter 3-5). 
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Invasive species management – a topology of failure 
While invasive species management aims to reverse or mitigate the impacts of invasions, it may fail 
to achieve these goals and even worse, cause collateral damage to the systems we are trying to 
protect. In general, management failures from invasive species control fall into three categories: 
failure to reduce the target invasive species, failure of native ecosystem recovery and failure due to 
negative side effects of management on native ecosystems. 
Management can fail to reduce populations of invasive species. Invasive species with traits such as 
high fecundity and dispersal ability are hard to eliminate (Mooney 2005, Van Kleunen et al. 2010). 
In addition, limited understanding of invasion ecology and inappropriate choices of management 
strategies can lead to ineffective management (Mooney 2005). For example, a tephritid fly released 
to control bitou bush Chrysanthemoides monilifera ssp. rotundata failed to reduce the population of 
this shrub (Thomas and Reid 2007). Approaches such as mechanical and chemical removal can 
effectively decrease invasive populations but re-invasion or an increase in abundance recurs after 
the control is ceased (Richardson and Kluge 2008).  
The successful reduction of an invasive species may not guarantee recovery of native species and 
ecosystems, due to the legacies of invasion (Buckley 2008). For instance, native species are often 
subjected to seed limitations in highly invaded ecosystems, thus removing the weed alone is not 
sufficient to re-establish native communities (Simberloff et al. 2013). Native habitats that have been 
significantly modified by the invasive species might be no longer suitable for native species (Hobbs 
et al. 2009, Pyšek and Richardson 2010). Focusing narrowly on weed reduction merely creates 
disturbances for reinvasions and new invasions (Buckley et al. 2007); continuous management is 
necessary (e.g. active restoration) (Reid et al. 2009, Simberloff et al. 2013). In addition, invasive 
species may simply be a symptom of an underlying problem such as pollution, ecosystem 
degradation or other changes, rather than a regulatory factor of ecosystem disturbance and native 
species declines (Didham et al. 2005, MacDougall and Turkington 2005, Bauer 2012). In such 
cases, invasion management makes a minimal contribution to the restoration goals as the underlying 
threats need to be tackled.  
Management actions implemented to control invasive species can have negative side effects on 
native species and ecosystems (Rinella et al. 2009, Kettenring and Adams 2011, Buckley and Han 
2014). The management itself can directly cause collateral damage to native species, such as the 
poisonous effects of chemical control on non-target species or non-target feeding by biocontrol 
agents. Furthermore, management of an invasive species that is integrated into an invaded 
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ecosystem can cause indirect negative effects through trophic cascades (Zavaleta et al. 2001, Caut et 
al. 2009). For example, both theoretical and empirical studies have suggested that removal of top 
invasive predators can lead to the release of secondary invasive species and cause further ecosystem 
damage, known as the meso-predator release effect (Courchamp et al. 1999, 2000, Rayner et al. 
2007, Bergstrom et al. 2009, Ruscoe et al. 2011). Some introduced species can also play dual roles 
by supporting some native species while consistently causing negative impacts on others, leading to 
a potential conflict for conservation managers (Rodriguez 2006, Sogge et al. 2008). 
The overlooked perverse outcomes of invasive species management  
In invasion ecology, issues associated with the first and second type of failures that are either 
ineffective in reducing target species or unsuccessful in reversing losses of native ecosystem have 
been widely discussed. A large body of literature has been devoted to understanding the ecological 
impacts of invaders and invasion mechanisms (Vilà et al. 2011, Ricciardi et al. 2013, Kumschick et 
al. 2015). Much work has been done in search of more effective management strategies and there is 
a growing number of studies on restoration involving invasion management (Hulme 2006, 
Kettenring and Adams 2011, Suding 2011). However, there has been relatively little focus on 
investigating the third type of failure – the perverse impacts on native ecosystems from invasion 
management. 
Perverse outcomes of invasive species management have been overlooked for two reasons. First, it 
is expected that management efforts will have positive effects on species of concern, and that even 
if management fails to reduce the impacts of invasive species the interventions will be harmless to 
ecosystems. There are exceptions for specific interventions such as biological control, where 
considerable efforts have been made to risk assessments for introducing control agents (Culliney 
2005, Messing and Wright 2006, Suckling and Sforza 2014). In a meta-analysis of invasive plant 
control (Kettenring and Adams 2011), more than half of the papers (49 out of 84) solely focused on 
target invaders and did not examine the responses of native species. Thus, the negative impacts of 
invasive species management were not examined and, indeed, could not be observed by these 
studies, leading to a research bias on this issue. Even if perverse outcomes were directly considered, 
ecosystems are complex and dynamic, making predictions of the impacts of management difficult. 
This leads to a second reason why perverse outcomes from management of invasive species have 
been overlooked – a lack of tools to provide reliable predictions to inform decision-making. Given 
these two reasons, to avoid substantial perverse outcomes and achieve better management 
outcomes, invasive species management should (1) incorporate potential perverse outcomes into the 
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decision-making process, and (2) develop tools to predict and evaluate perverse outcomes to assist 
decision-making. 
Incorporating perverse outcomes in decision-making of invasive species management 
Before undertaking a management action, three key factors need to be addressed: identification of 
risks of perverse effects, identification of probability of these perverse effects occurring and 
evaluation of the environmental consequences of perverse effects. 
In Chapter 2, I first highlight the importance of incorporating potentially perverse management 
outcomes into management risk assessment which can inform management decision-making. 
Assessment of perverse outcomes of management requires estimates of the probability of side 
effects of management occurring as well as their likely consequences. Next, I present the first 
systematic review on the perverse effects of invasive plant management. The synthesis provides 
opportunities to learn from past experiences and provides insights to understand the mechanisms of 
how impacts occur. I also examine whether these studies integrated costs and benefits of 
management since identifying risks of management is the first step in decision-making, and further 
cost-benefit evaluation can inform wise management decisions. I also review existing and potential 
tools for understanding and predicting the outcomes of invasive species management, and tools for 
developing optimal management plans and mitigating strategies when perverse impacts are 
identified. 
Predicting and evaluating the outcomes of invasive species management 
Currently, few tools are available for understanding and predicting the outcomes of invasive species 
management, especially for real management problems (but see Raymond et al. (2011), Lampert et 
al. (2014)), yet potential tools can be developed using experience from similar research fields. 
Scientists have drawn analogies between studies on the negative impacts of invasion management 
and studies on the impacts of environmental change drivers (e.g. climate change, habitat 
degradation and fragmentation, biodiversity loss) (Tylianakis et al. 2010). Similar to the effects of 
invasive species management, the effects of environmental change drivers on individual species or 
species assemblages are not simply additive and can propagate and accumulate through ecological 
networks (McCann 2007, Montoya and Raffaelli 2010, Simberloff et al. 2013). For example, the 
impacts of invader removal are comparable to studies of the impacts of biological extinction, as 
both removal of invasive species or removal of native species (extinctions) can lead to cascading 
effects, affecting ecosystems at all trophic levels (Galiana et al. 2014, Lurgi et al. 2014). 
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Understanding and predicting ecosystem responses to anthropogenic environmental perturbations 
can be tackled using a range of approaches. Ecological network approaches, which graphically 
represent trophic interactions between species, play a central role in understanding the stability and 
resilience of ecosystems (Pascual and Dunne 2005). Using the topological properties of systems 
(how species connect to each other in a network), ecological modellers have examined, theoretically 
and empirically, network robustness against perturbations and used network metrics to understand 
what makes a system robust to perturbation (e.g. network connectance and nestedness) (Proulx et al. 
2005, Tylianakis et al. 2010, Saint-Béat et al. 2015). In conservation biology, network analysis has 
been applied to species deletions to investigate the impact of extinctions on secondary extinction in 
a system (Proulx et al. 2005, Tylianakis et al. 2010). In Chapter 3, by drawing analogies between 
extinctions of native species and eradications of invasive species, I conduct a simple topological 
analysis to inspect the potential direct and indirect effects of the eradication of feral cats (Felis 
catus) on Christmas Island. The major advantage of this approach is that only knowledge of species 
composition and interactions is required. However, its predictive power has been questioned as the 
interpretation of particular metrics can be contradictory in different studies and systems (Ings et al. 
2009, Heleno et al. 2012). 
An alternative to the topological approach is one that parameterises not only the network structure 
but also the strength of interactions between species, allowing for the explicit modelling and 
prediction of the population dynamics of the systems (Yodzis 1988, Schmitz 1997). However, 
empirical studies using a fully dynamic approach are limited due to challenges of parameterization 
and problems of over-fitting (Eklöf et al. 2013). Therefore, in Chapter 4, I develop a modeling 
approach by coupling a qualitative model (similar to Raymond et al. (2011)), with a Boolean 
analysis method (Degenne and Lebeaux 1996) to examine the dynamic responses of systems to 
perturbations. The qualitative modeling approach requires only knowledge of the network structure 
yet allows for simulating dynamic responses by randomly assigning weights to species interactions. 
Given the simulation outcomes of qualitative modeling, the Boolean analysis can produce robust 
rules about species responses, which provides implications for eradication practice and subsequent 
monitoring. I illustrate this approach by examining the implications of feral cat (Felis catus) 
eradication on Christmas Island. 
Networks articulating species composition and interactions are useful when research questions 
focus on the responses of interacting species or species groups (Ings et al. 2009, Saint-Béat et al. 
2015), such as using trophic networks to predict the responses of native fauna to cat eradication on 
Christmas Island, or using pollination networks (mutualistic networks) to predict the responses of 
pollinators and native plants to alien plant removal (Carvalheiro et al. 2008a). However, these 
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approaches may have limited use when decision-making is concerned with broader, ecosystem-level 
responses. For instance, removal of an extensive patch of invasive plants may have substantial 
impacts on both biotic factors and abiotic factors such as habitat quality, nutrient availability and 
microclimate (Samways et al. 2011, Rojas-Sandoval et al. 2012). In such cases, depending on the 
research questions and management objectives, approaches allowing for the incorporation of both 
biotic and abiotic factors and their potential interactions can be more effective and informative than 
a detailed mechanistic understanding of complex species-specific interactions. In Chapter 5, I use a 
Bayesian Network approach to assess a subset of potential management options for a non-native 
plant species, Poa annua in the Antarctic Peninsula region. Bayesian Networks describe how a set 
of ecological components (biotic and abiotic) influence each other and how different management 
options affect these components. The outcomes of the Bayesian Network can be used for further 
evaluation of the trades-offs of different management options.  
Limited information, expert knowledge, and decision-making 
Since the ecosystems to be managed are often poorly understood, the utility of a proposed suite of 
decision-making tools to provide useful decision support can be affected by lack of information or 
poor parameter estimates. Managers and scientists are constantly confronted by large uncertainties 
when planning invasive species management, and decisions need to be made upon limited 
information without evidence of whether desirable or undesirable management outcomes will result 
(Regan et al. 2002, Shea et al. 2002). For an ecosystem with numerous unknowns yet requiring a 
rapid management response, the challenge is how to use the limited information wisely (Polasky et 
al.). 
Synthesizing the best information available to inform decisions is widely used in conservation and 
environmental management (Cook et al. 2009, Williams et al. 2013). For example, Clapham et al. 
(1999) evaluated the population status of a number of endangered whale species based on previous 
empirical evidence. In Chapter 3, I conduct a qualitative assessment to compare and evaluate 
potential management strategies for cats and/or rats on Christmas Island.  
Experts with extensive experience can provide valuable insights when severe uncertainties are 
present. As the demand for case-specific empirical information is likely to consistently exceed 
supply, there is an increase in the use of expert knowledge in ecological models in scientific 
research and related applications such as conservation decision-making (Martin et al. 2005, Murray 
et al. 2009, Kuhnert 2011, Johnson et al. 2012a, McBride et al. 2012). For example, expert 
knowledge can be used as prior information to incorporate into Bayesian statistical models with 
7 
 
scarce data, which has been suggested to increase the precision of the model (Kuhnert et al. 2005, 
Runge et al. 2011). 
Although often questioned on its reliability, expert opinion is an important complement and 
supplement to empirical data and sometimes the only source of information (Martin et al. 2005, 
Johnson et al. 2012a, Martin et al. 2012a). Studies have shown that when elicited in a formal 
process, expert opinion can indeed be a reliable source of information, which can be collected in a 
cost-effective manner (Murray et al. 2009, Kuhnert et al. 2010, Speirs-Bridge et al. 2010, Kuhnert 
2011, McBride and Burgman 2012). A Delphi process is the most commonly used elicitation 
method when involving multiple experts. This starts with eliciting individual responses from 
experts independently, then the individual responses are circulated amongst the group, and experts 
are encouraged to reconsider and adjust their estimates in a second round of elicitation (Kuhnert et 
al. 2010, Krueger et al. 2012, Martin et al. 2012a, McBride et al. 2012). It is believed during this 
‘round to round’ process, the initially diverse opinions of the group converge towards consensus, 
which improves the accuracy of the estimates (Kuhnert et al. 2010, Martin et al. 2012a). 
Besides serving as an information resource, expert opinion also plays an important role throughout 
the decision-making process. Experts and stakeholders are often consulted when defining 
management objectives, developing management options, and evaluating trade-offs between 
different management options (Lyons et al. 2008, Gregory et al. 2012c). However, decision-making 
on invasive species management can be challenging, since it is often confronted with conflicting 
objectives from different stakeholders, a pressing need to develop management options under time 
and resource constraints, and difficulties of evaluating trade-offs and selecting the ‘best’ option 
(Gregory and Long 2009, Liu et al. 2012). Structured Decision Making (SDM) provides an 
organized and transparent way to specify objectives that reflect stakeholders’ concerns and to 
evaluate the trade-offs of management alternatives when there are competing objectives, leading to 
more informed decisions (Ralls and Starfield 1995, Martin et al. 2009). 
Expert knowledge has been used extensively in this thesis given that little information is available 
for our case studies. In Chapter 3 and Chapter 4, experts were consulted to populate ecological 
networks of Christmas Island for the topological network analysis and qualitative modelling. In 
Chapter 5, I propose a structured framework to assist decision-making on non-native species 
management in Antarctica using a case study of Poa annua. The framework is based on an SDM 
process, coupling a suite of analytical decision tools. This framework demonstrates how expert 
knowledge can be used to identify management objectives and management options, to estimate 
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parameters for a Bayesian Network model, and to further facilitate the evaluation of management 
options with potential decision-making tools. 
Thesis Overview 
In this thesis, I look at the potential perverse effects of invasive species management to assist 
conservation decision-making. I explore the utility of a diverse suite of tools to address this 
question. Figure 1.1 provides an overview of the chapters in this thesis. This introductory chapter 
provides a general background supplementing the specific introductions in Chapter 2-5, and also 
identifies the research questions and general aims of this thesis. Extending the ideas raised by the 
introductory chapter, the first section of Chapter 2 highlights the need for invasive species 
management to consider the risks of management side effects. Chapter 2 also systematically 
reviews studies reporting perverse outcomes of invasive plant management, and discusses whether 
these studies consider the perverse outcomes from a cost-benefit perspective. Chapters 3–5 use a 
suite of tools to assist decision-making for invasive species eradication projects in light of potential 
perverse outcomes. In particular, Chapter 3 uses a network analysis method and a qualitative 
assessment, Chapter 4 develops a qualitative modelling approach with Boolean analysis to inform 
cat eradication on Christmas Island and Chapter 5 demonstrates a structured framework 
incorporating a set of decision tools to assist decision-making for management of a non-native plant 
in Antarctica. Chapter 6 discusses the contribution of this PhD research to invasive species 
management, provides a synthesis of key findings and suggests future research directions. 
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Figure 1.1 Structural overview of thesis. 
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Chapter 2 
Assessing the risks of side effects of invasion management 
*Components of this work are published in Science in 2014, see Appendix 1.1 
Introduction 
Invasive species present numerous challenges for the conservation of biodiversity and natural 
resources and in addition they cause considerable economic losses (Pimentel et al. 2005, Strayer 
2012, Simberloff et al. 2013). While the goal of invasive species management is usually to reverse 
or mitigate the impacts of invasion, in many instances management actions may fail to achieve this 
goal (Bergstrom et al. 2009, Rinella et al. 2009). Invasive species integrate into ecosystems, and 
form new associations with native species and other invaders, across multiple trophic levels. Some 
invaders can play a dual role in the ecosystem by causing negative impacts while at the same time 
providing an ecological function previously carried out by native species (Rodriguez 2006). 
Therefore, the management of invasive species does not always guarantee recovery of native 
species, recapture of original species associations, and/or restoration of the ecosystem (Buckley 
2008, Gaertner et al. 2014). Moreover, management actions themselves can cause side effects either 
directly or indirectly through various species interactions (Figure 2.1) (Bergstrom et al. 2009, 
Rinella et al. 2009, Zarnetske et al. 2010, Overton et al. 2014). A direct side effect is where 
management actions directly affect the fitness or survival of native species, such as herbicides 
killing non-target species (Weidenhamer and Callaway 2010), or biological control agents attacking 
native species (Louda et al. 2003). Alternatively, management effects can be indirect, where the 
removal of the invaders has side effects through the disruption of species interactions. For instance, 
removal of introduced predators may release populations of smaller invasive predators, leading to 
further decline of native prey species (Rayner et al. 2007). Invasive plants can also be released from 
regulation by consumers, e.g. an invasive shrub increased fivefold in density after the removal of 
pigs from a wet Hawaiian forest (Cole and Litton 2014). 
Side effects of management have been largely neglected by formal evaluations, such as risk 
assessment and cost-benefit analysis, though managers may already take side effects into account 
informally (Kerr et al. 2016). Side effects may also be ignored in practice due to a lack of research 
efforts, such as how side effects occur as well as their prevalence and severity. Predicting and 
evaluating side effects can be difficult given the inherent complexity and lack of detailed 
knowledge of ecosystems. To address these issues, first, we call for incorporation of the side effects 
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of invasive species management into formal decision analyses. Second, we present a systematic 
review on studies reporting side effects of invasive plant management, to provide a better 
understanding of the side effects and to learn from past experiences about what has been achieved 
and what needs to improve. Third, for future practice, we discuss existing and potential tools for 
understanding and predicting the outcomes of invasive species management, and for developing 
optimal management plans and mitigating strategies for when side effects are identified. 
The importance of assessing side effects of invasion management 
To minimize the likelihood of side effects of management, the ecological role of invaders should be 
carefully assessed, and ultimately invasive species management should be integrated with broader 
ecosystem goals (Zavaleta et al. 2001, Buckley 2008, Buckley and Han 2014, Dickie et al. 2014). 
When management of an invader is in conflict with other conservation goals, the benefit should be 
evaluated against the potential side effects. If the side effect is negligible when compared to the 
benefits of management, the management action may be acceptable. If the side effect rivals or 
outweighs the benefit, a more rational decision option may be to abandon the management effort 
and accept the invader’s impacts, or look for alternative management actions and compromise 
strategies that allow benefits to be maximized and costs to be minimized (Buckley and Han 2014, 
Lampert et al. 2014). 
Cost-benefit analysis is commonly used to evaluate the overall desirability of a management action; 
however, such analysis rarely incorporates side effects of management. Benefits of invasive species 
management are generally expressed in terms of avoided ecological and economic losses caused by 
invasion (Panzacchi et al. 2007, Brown and Daigneault 2014); while cost is usually evaluated in 
terms of logistics costs of management, and ecological and economic cost due to the remaining 
invasion impacts (Panzacchi et al. 2007, Brown and Daigneault 2014), without considering 
potential costs of side effects (but see Lampert et al. 2014) (Figure 2.1). Although few studies 
evaluate ‘total cost’ in an integrated way, some studies, especially risk assessment of biocontrol 
agents, do pay attention to the costs of side effects (Messing and Wright 2006, Fowler et al. 2012). 
Risk assessment requires estimates of the probability of occurrence and the intensity of the side 
effect; and intensity could be measured as environmental and/or economic cost, allowing for better 
integration of cost/benefit into assessment. Risk assessment is routinely conducted for introduction 
of new biocontrol agents, which assesses their side effects on non-target species through pre-release 
test on host specificity (Messing and Wright 2006, Fowler et al. 2012). There are also risk 
assessments for other management operations such assessing toxic effects of pesticide on non-target 
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species (Eason et al. 2002, Pitt et al. 2015); however, they are less put into practice comparing to 
risk assessment of biocontrol agents. Even fewer studies take a step further to examine the indirect 
side effects resulted from species interactions in formal decision analysis (Lampert et al. 2014); 
however, certain studies especially focusing on biological control and invasive mammal removal 
increasingly emphasize to examine ecological networks for indirect effects prior to management 
operations (Zavaleta et al. 2001, Fowler et al. 2012). We encourage that, despite management 
approaches, invasion management should be evaluated with a more comprehensive risk assessment, 
which explicitly examines both direct and indirect side effects and evaluates corresponding costs in 
an integrated way (Figure 2.1). 
Review of the side effects of invasive plant management 
Identifying the side effect of invasion management that have already taken place, and the pathways 
and extent of these effects, can provide valuable insights for future management decisions. The side 
effects of invasive animal species’ removal, particularly predatory mammals, have been widely 
discussed (Zavaleta et al. 2001, Bergstrom et al. 2009), yet syntheses of individual studies for the 
side effects of invasive plant management are lacking (apart from biological control) (Fowler et al. 
2012, Suckling and Sforza 2014). 
 
Figure 2.1 Identification of costs and benefits arising from management of invasive species. The 
solid black line indicates a management effect on a target invasive plant. The solid grey lines 
indicate potential pathways of management side effects on native species. The double dashed lines 
indicate costs (orange) and benefits (blue) that occur during management. 
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We used Web of ScienceTM Core Collection to generate a database of publications that reported side 
effects of invasive plant management (search terms are provided in Appendix 2.1). The search 
generated 8,299 unique studies which published during 1900 and 2014 (Web of ScienceTM Core 
Collection, April 2014), and then we examined these publications systematically for inclusion in the 
review (inclusion criteria are provided in Appendix 2.2). We identified 26 studies which reported 
side effects of invasive plant management on native species or communities. Seventeen papers 
described direct side effects while nine papers documented indirect effects. (see details Table 2.A.1 
in Appendix 2.3). Among the 17 studies which reported direct effects, seven related to the non-
target attack of biological control agents, and seven were caused by chemical controls, with one 
clipping, one burning and one synthesized approach (mechanical and chemical) (Table 2.A.1 in 
Appendix 2.3). Nine studies reported significant indirect effects of invasive plant management, of 
which four involved biological controls and three using burning, with one chemical control and one 
synthesized approach (mechanical, chemical and burning) (Table 2.A.1 in Appendix 2.3). 
Potential research bias 
Overall, the number of studies reporting side effects of invasive plant management (26 studies in 
total) was lower than expected, which suggests that side effects from management either rarely 
occur, are considered too minor to report or there is a lack of focus in perceiving and assessing 
management effects. Previous work has identified that side effects may indeed be overlooked due to 
the structure of most management studies (Reid et al. 2009). In a meta-analysis of invasive plant 
control, more than half of the papers (49 out of 84) solely focused on target invaders and did not 
examine the responses of native species (Kettenring and Adams 2011). There is also a taxonomic 
bias, with most studies focussed on a single species or a single trophic level, usually co-occurring 
plants; while fewer studies investigated species from other trophic levels (Heleno et al. 2010, Carlos 
et al. 2014). Further, predicting, detecting and evaluating side effects involving multiple trophic 
levels can be observationally, experimentally and analytically challenging, which limits the ability 
to monitor particular species or the ability to determine pathways of the indirect side effects. Thus, 
the potential side effects may not be examined and, indeed, could not be observed by these studies. 
Synthesizing key findings: pathways of the side effects 
In addition to direct and indirect side effects, we further classified the indirect effects into three 
types according to the ecological pathways through which they operated: (1) native-mediated; (2) 
invader-mediated; and (3) invader-native-mediated. We found that the majority of studies reported 
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on direct side effects (17 studies) while indirect side effects were less reported for invasive-
mediated and native-mediated indirect side effects (9 studies) and no field-based studies 
documented the most complex interaction for the invasive-native-mediated indirect side effects. 
This is presumably due to the taxonomic bias and the increased challenge of analysing effects from 
complex ecological interactions. 
Direct side effects. Invasive plant management can directly affect native species at an individual, 
population and community level. Managements can damage individuals such as unintended 
mortality, stunted growth and/or reduction of fitness and survivorship. For example, the caterpillar 
stage of a biocontrol agent, Cactoblastis cactorum, threatened individual survivorship of the very 
rare semaphore cactus (Opuntia spinosissima), an iconic species in the United States (Simberloff 
and Stiling 1996). Populations of problematic biological control agents are often sustained or 
facilitated by target weeds. Non-target feeding effects, by which viable agents can adapt or migrate 
to new native hosts, may not be immediately apparent due to a lag effect (Louda 1998, DePrenger-
Levin et al. 2010). Management can also have negative effects on native plant seed production and 
development, which reduce recruitment potential and cause a decrease in native species populations 
over time (Louda 1998, Rinella et al. 2009, Takahashi et al. 2009, DePrenger-Levin et al. 2010, 
Havens et al. 2012). Further, within a plant community, native species can have differential 
responses (i.e. positive, negative or no change) to management, causing shifts in the prevalence of 
dominant native species and leading to further changes in community structure (Matarczyk et al. 
2002, Ortega and Pearson 2010, Renteria et al. 2012). 
Native-mediated side effects. The native-mediated indirect impact occurs when the direct influences 
of management on a particular native species lead to adverse effects on other natives. The decline of 
native species suffering direct side effects can affect other species that are reliant on them for 
habitat and resources. Two field experimental studies showed that after burning, native animal 
species declined, probably due to the damage of fire on native vegetation, which provided habitat 
for reptiles, and fruit resources for frugivorous birds (Valentine and Schwarzkopf 2009, Valentine 
et al. 2012). The direct non-target feeding of a biocontrol agent (weevil Rhinocyllus conicus) on a 
native thistle (Cirsium canescens) reduced the number and individual mass of the native herbivore 
(tephritid fly Paracantha culta) due to competition for flower heads (Louda 1998).  
While management can directly cause non-harmful changes in native species (e.g. positive 
population shift), these changes may result in negative impacts on other species. Native-mediated 
side effects can occur when there is apparent competition induced by biological control agents. The 
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biocontrol agent Mesoclanis polana was used for the biological control of Bitou (Chrysanthemoides 
monilifera) in Australia. It is highly host-specific, however, it was ineffective in reducing the Bitou 
population. The population of this agent accumulated through time and consequently facilitated a 
population increase in native insect generalists, which led to a higher predation pressure on other 
native insect herbivores (Carvalheiro et al. 2008b). Another example is the host-specific fruit flies 
Urophora spp. on spotted knapweed (Centaurea maculosa). The fruit flies facilitated an increase of 
deer mice (Peromyscus maniculatus), resulting in greater seed predation pressure, and reduced 
emergence and establishment of a dominant native grass and a forb. However, the persistence or 
transience of these effects remains to be determined (Ortega et al. 2004, Pearson and Callaway 
2008). As the primary reservoir for hantavirus, the highly abundant deer mice with a larger 
seropositive population also present a potential health risk (Pearson and Callaway 2006). Similar to 
the direct effect of non-target feeding, these examples show that a biocontrol agent’s population can 
be sustained or facilitated by a target weed, which can then expand the host’s range and result in 
attacks on native plants and increased competition with native herbivores. Even if control agents 
stay host-specific, the large population of the agents may lead to apparent competition. 
Invader-mediated side effects. Invader-mediated indirect impacts arise from management that 
involves removal of the target invaders. Despite negative impacts, these invaders usually serve as 
habitat or food resource for some native species, or maintain the abiotic environment. The invasive 
grass Spartina spp. provides high quality habitat for the endangered California Clapper rail (Rallus 
longirostris obsoletus) (Lampert et al. 2014). After regional control of Spartina, the population of 
the rails declined and the highest densities of rails occurred in invaded areas compared with 
uninvaded and post-management sites (Overton et al. 2014). Additionally elimination of the 
invaders may also have indirect effects by disturbing and altering environmental conditions 
(Rhoades et al. 2002, Rojas-Sandoval et al. 2012). The removal of invasive riparian trees, Acacia 
spp., disrupted both riparian and aquatic habitats by reducing shade, increasing temperature, 
facilitating the growth of less palatable macrophytes, increasing bank erosion and changing water 
quality, which all affected or potentially affected invertebrate fauna (Samways et al. 2011). While 
tolerant and widespread taxa appeared to recover, the sensitive endemic taxa associated with tree 
canopies utilising shady, cool habitats with high oxygen levels showed a negative response 
(Samways et al. 2011). 
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Box 2.1 Pathways of side effects of management 
The solid black line indicates a management effect on a target invasive plant. The solid grey 
lines indicate potential pathways of management impacts on native species. The dashed 
arrows specifically indicate that under a biological control management, the population of the 
biocontrol agent is sustained by the target weed. 
(1) Direct side effects 
 Herbicide impacts 
 Non-target feeding by biocontrol agents.  
 
* The agent population is sustained by the target weed in the beginning (dashed arrows), 
and the agent then attacks native plants. 
(2) Native-mediated side effects 
 Damage to native vegetation providing habitat for native birds (Valentine and 
Schwarzkopf 2009, Valentine et al. 2012). 
 Biocontrol agents feeding on non-target native plants and out-competing the native 
herbivores (Louda 1998). 
 Biocontrol agents facilitate native generalists, which leads to increased predation on 
native herbivores (apparent competition) (Carvalheiro et al. 2008b, Pearson and 
Callaway 2008), or increases the health risk by elevating the virus carried by the 
generalists (Pearson and Callaway 2006).  
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Box 2.1 Pathways of side effects of management (continued) 
*The biological control agent’s population is sustained by the target weed (dashed 
line), which then attacks native plants leading to competition with native herbivores, 
or agent stays host-specific yet the large population of the agent lead to apparent 
competition. 
(3) Invader-mediated side effects 
 Removal of invasive species which provides habitat for native species (Overton et al. 
2014) 
 Removal of invasive species which maintains beneficial ecological properties 
(Samways et al. 2011) 
 
(4) Invader-native-mediated side effects 
 No empirical studies reporting this type of indirect side effect 
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Invader-native-mediated side effects. Invader-native-mediated side effects occur where interactions 
between invaders and native species change due to the elimination of the invader, causing negative 
impacts on other native species. We found no published field-based evidence for this effect. 
However, one study modelled field data identifying this potential pathway (Carvalheiro et al. 
2008a). The study suggested that a possible scenario might involve removal of a weed, a key pollen 
source, which may disrupt the pollinator-plant interaction, causing a crash in native pollinators and 
affecting native pollinator-dependent plants (Carvalheiro et al. 2008a). However, two field studies 
from different ecosystems have found either a beneficial effect or a resilient pollinator-plant 
network, rather than a pollinator collapse, following invasive plant control (Baskett et al. 2011, 
Ferrero et al. 2013). 
Moving from understanding to decision-making 
Identifying the side effects of invasion management does not necessarily imply that a management 
action is undesirable, and it cannot simply be used as an excuse to suspend management actions 
(Dickie et al. 2014). Most studies that identified side effects of management have emphasized the 
importance of undertaking risk assessment (especially for biological control agents) prior to 
implementation, and have considered implicitly how to minimize management side effects by 
discussing alternative means or mitigation approaches; yet few have actually given an explicit cost-
benefit consideration. Side effects of management are often unavoidable, but whether the extent and 
cost of the effects are acceptable compared with the benefit of management, is rarely discussed in 
these studies. One exception is Bower et al. (2014), which found that two native reptile species 
declined in abundance after weed management involving burning and grazing. However, they 
pointed out that as these two species were widespread and their abundant populations were likely to 
have been promoted by the invasive para grass (Urochloa mutica), the reduction of these lizard 
populations could be acceptable considering the greater benefits of weed control (Bower et al. 
2014). 
Dealing with the side effects of invasive plant management 
In the synthesis of the side effects of invasive plant management, we identified the research biases 
which may lead to overlooking of potential risks, illustrated that side effects can be hard to predict 
and manage given the varied pathways and the potential long period for the side effects to 
accumulate and occur, and pointed out the gap between research and practice which is how to 
translate the research outcomes into effective decisions and actions. To cope with these challenges, 
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we discuss below a suite of tools that have been used or can be developed and applied at different 
management stages to inform future practice. 
Pre-management: predicting management outcomes 
Field-based experiments can be an effective and economically feasible approach to identify short-to 
moderate-term, direct or indirect side effects involving a few trophic levels. These experiments 
usually only involve a co-occurring native plant, or are conducted with a manageable-sized species 
assemblage (Table 2.A.1 in Appendix 2.3) (Zarnetske et al. 2010, Samways et al. 2011, Havens et 
al. 2012, Bower et al. 2014). Using field studies to investigate indirect effects across multiple 
trophic levels can be costly in time and resources, yet the urgency of conservation issues calls for 
quick responses and actions to avoid further losses. In addition, multi-trophic or community-based 
studies are often subject to sizeable uncertainties when applying the experimental outcomes at a 
large scale (e.g. landscape scale) practice (Ogden and Rejmanek 2005).  
In such instances, a priori modelling can be used to identify the potential risks, especially for 
indirect side effects across multiple trophic levels. The impacts of species addition (e.g. species 
invasion) or deletion (e.g. species extinction) in an ecological network have been widely discussed 
in food web research (Tylianakis et al. 2010). Likewise, food web approaches have great potential 
to investigate effects of removing invaders or releasing biological control agents for invasion 
management (e.g. Carvalheiro et al. 2008a, Russo et al. 2014). Carvalheiro et al. (2008a) quantified 
a pollinator-plant network representing species abundance and interaction frequency using field 
experiment data and then simulated the possible consequences of invasive plant removal. 
The mathematical modelling of small species assemblages can also provide insights, for instance, 
into risk assessment of biological agents (Rand and Louda 2004, Buckley et al. 2005). Some control 
agents are highly host-specific but they may form novel associations with native generalists and 
parasites, accumulating indirect effects through time (Carvalheiro et al. 2008b, Veldtman et al. 
2011). Knowledge of the population dynamics of the agents can predict the time taken for the agent 
to reduce target weeds, and evaluate potential risks of indirect effects (Carvalheiro et al. 2008b, 
Shyu et al. 2013).  
Detection of side effects for on-going practice 
Side effects of management can sometimes be detected immediately after a management action or 
observed within a relatively short period of time (less than two years) (Table 2.A.1 in Appendix 
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2.3) (Baker et al. 2009, Whitcraft and Grewell 2012). However, sometimes the appearance and 
verification of side effects require a moderate or even a long period of time (Table 2.A.1 in 
Appendix 2.3). For example, several cases of biological control management show that it often 
takes decades for an agent to become problematic and subsequent changes can take even longer 
(Rand and Louda 2004, Takahashi et al. 2009). Without monitoring consequent changes, valuable 
opportunities will be missed for a fast response, leading to prolonged and exacerbated side effects 
of management. One study revealed adverse herbicide impacts after revisiting the managed site 16 
years later, finding that the target invader became more abundant and two native forbs had become 
extremely rare, presumably due to residual chemical effects (Rinella et al. 2009). A case study on 
burning control demonstrated that consecutive burning resulted in the disappearance of a litter-
dependent gecko species despite no significant effects being observed after the first burn (Valentine 
and Schwarzkopf 2009). Therefore, monitoring during and after management is important for the 
early detection of side effects. This allows for adaptive management to minimize side effects.   
Different taxa can show diverse responses to the same management actions, and selection of the 
wrong indicator species can influence the perceived outcomes. For example, some research 
investigating the removal effects of exotic Tamarix spp. on native amphibians, reptiles, butterflies 
and fish assemblages, reported beneficial or at least non-damaging outcomes (Kennedy et al. 2005, 
Bateman et al. 2008, Nelson and Wydoski 2008), while other studies suggested some avian species 
using Tamarix habitats may have been negatively affected (Sogge et al. 2008, Dudley and Bean 
2012). Thus, for large scale eradications involving numerous species, conclusions can be less 
informative and lead to ill-advised management decisions when these decisions are made upon the 
responses of a specific species group without consideration for others. When selecting indicator 
species, it is essential to explicitly consider management goals, which usually concern endangered 
species or keystone species performing important ecological functions. Native species which have 
benefited from invasion and increased in abundance should be avoided when choosing indicators, 
since reduction of these over-abundant native species can be acceptable (Bower et al. 2014).  
Mitigating side effects for management in practice 
Reduction of an invader is often the sole criterion for invasive species management success (Hulme 
2006, Reid et al. 2009). However, benefits such as the recovery of native species may not happen 
naturally and management actions can cause side effects, leading to the failure of management both 
from broader ecosystem goals and from a cost-benefit perspective. Therefore, active restoration, via 
seed addition and seedling planting, has been widely used during or after invasion management to 
restore native communities. For species affected indirectly by weed removal, step-wise eradication 
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with restoration efforts are recommended (Carvalheiro et al. 2008b, Dudley and Bean 2012), which 
leads to a new challenge of making rational trade-offs between benefits and side effects in order to 
resolve conflicting ecosystem goals. Many studies emphasize the need to link experimental or 
modelling outputs to management needs, yet few achieve this (Snelgrove et al. 2014). Lampert et al. 
(2014) did it successfully by constructing a multi-objective optimal management model to constrain 
the side effects of Spartina removal on an endangered bird that uses Spartina for nesting.  
Conclusion 
New species continue to be introduced, which establish and integrate into the ecosystems and even 
assume ecological roles after the native species have been eliminated. Side effects from invasive 
species management are likely to become more common than is currently perceived. Instead of 
using the population reduction of invasive species as a sole criterion of management success, the 
risks of side effects of management should be evaluated in management decision-making, to fit into 
broader restoration and conservation goals (Hulme 2006, Reid et al. 2009). Researchers and 
practitioners have to address a number of scientific and technical challenges to achieve better 
management outcomes, such as the limited knowledge of ecosystems, complex pathways of the side 
effects and potential research biases constrained by time, resources and techniques. Future invasion 
management program should be developed with a comprehensive risk assessment incorporates costs 
and benefits, as well as with the assistance of novel approaches that can overcome the challenges to 
identify and cope with side effects. 
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Chapter 3  
Qualitative assessment of the benefits and risks of invasive 
species management on Christmas Island 
Introduction 
Introduced predators are a major threat to global biodiversity, leading to severe declines and 
extinctions of a number of aquatic and terrestrial species (Courchamp et al. 2003, Clavero et al. 
2009), particularly on insular ecosystems such as islands (Burbidge and Manly 2002), and lakes 
(Vitule et al. 2009). Island species may be particularly vulnerable due to a lack of shared co-
evolutionary history and consequent anti-predator responses (Savidge 1987, Salo et al. 2007). For 
example, the introduced Nile perch (Lates niloticus) in Lake Victoria caused extinctions and sharp 
declines of hundreds of endemic cichlid species (Ogutu-Ohwayo 1990, Olowo and Chapman 1999). 
The invasive brown tree snake (Boiga irregularis) has extirpated twelve native bird species on the 
island of Guam (Savidge 1987). Cats (Felis catus) and rats (Rattus spp.) are the most damaging 
invasive predators, traveling with humans to most parts of the globe including remote islands. Cats 
are thought to be responsible for the extinction of 33 species of insular vertebrates (Medina et al. 
2011) and rats for 58 (Towns et al. 2006). 
Removal of introduced predators has proved to be an effective tool to ameliorate negative impacts 
on native species and to restore native ecosystems (Côté and Sutherland 1997, Nogales et al. 2004, 
Campbell et al. 2011). More than 300 successful eradications of Rattus spp. and 80 successful 
eradication events of feral cats have taken place worldwide, leading to spectacular recovery of 
native species (Keitt et al. 2011, Russell and Holmes 2015), especially seabird populations (Cooper 
1995, Hughes et al. 2008, Ratcliffe et al. 2010). However, eradications may also cause unforeseen 
and unwanted effects (Zavaleta et al. 2001). For an ecosystem suffering multiple invasions, invasive 
species form new ecological interactions with each other and with native species across multiple 
trophic levels (Zavaleta et al. 2001). In such cases, eradication of top predators may cause the 
secondary release of meso-predators (Caut et al. 2009), or herbivores (Bergstrom et al. 2009) once 
regulated by the suppressed invader, resulting in higher pressure on native species (Courchamp et 
al. 1999, Ruscoe et al. 2011). Rayner et al. (2007) demonstrate that cat eradication on Little Barrier 
Island caused a reduction in the breeding success of Cook’s petrel (Pterodroma cookii) due to the 
secondary release of Pacific rats (Rattus exulans) but the petrel population increased after 
subsequent rat eradication. 
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Given the potential impacts of introduced species management, an increasing number of studies 
highlight the importance of understanding trophic interactions between multiple invasive species 
and emphasize the planned removal of predators using a whole of ecosystem perspective (Zavaleta 
et al. 2001, Bergstrom et al. 2009, Caut et al. 2009, Ringler et al. 2015). The indirect effects of 
invasive species removal have been explored through theoretical modelling (Courchamp et al. 1999, 
2000, Fan et al. 2005, Tompkins and Veltman 2006), and empirical field experiments (Rayner et al. 
2007, Ruscoe et al. 2011, Oppel et al. 2014). However, experimental trials can be limited by 
resources, practical difficulties (e.g. inaccessible areas such steep cliffs) (Howald et al. 2007), and 
time constraints if the urgency of conservation threats calls for rapid action to avoid further losses 
(Martin et al. 2012b). There is a need, therefore, for tools that all for the prediction of the success of 
eradication programs before they are undertaken, even under large uncertainty (Raymond et al. 
2011). 
A cat eradication project on Christmas Island, which is proposed to mitigate impacts of cat 
predation on native species, confronts all these challenges1 (Department of the Environment 2014c, 
Director of National Parks 2014a). The presence of the invasive black rat (Rattus rattus) 
complicates the cat eradication issue, since the rats are not only meso-predators preying on native 
species but are also a food resource for an endemic bird of prey (Hill 2004a, Beeton et al. 2010). 
Thus careful evaluation is required on whether controlling rat populations along with cat 
management will achieve better results than cat management alone. In this study, I explore the 
utility of a network analysis approach and a qualitative assessment to inform decision-making on 
cat and rat management on Christmas Island with limited information. 
First, I conducted a network analysis on the ecological networks of the invaded ecosystem, which 
were constructed based on expert knowledge. Ecological networks, depicting species interactions in 
an ecosystem, can be used to describe the stability and resilience of an ecosystem through a number 
of topological properties (Saint-Béat et al. 2015). For instance, in conservation science, ecosystem 
resilience to secondary extinctions following species loss can be assessed by network properties 
such as connectance (the number of connections) and compartmentalisation (which split a network 
into relatively independent compartments) (Tylianakis et al. 2010). Similarly, the network response 
to invasive species removal can also be examined using network properties. The presence of 
invasive top predators is believed to increase connectance and reduce compartmentalisation of an 
ecosystem, resulting in highly connected networks that are less resistant to invasion impacts and 
                                               
1 The work in this chapter was done in 2014. In 2015 a cat eradiation plan was developed and is 
now underway. 
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subsequent perturbations (Tylianakis et al. 2010, Saint-Béat et al. 2015). Thus, I considered that for 
invasive species removal, a reduction of connectance and an increase of compartmentalisation were 
favourable changes and so these two properties were evaluated for the network analysis. 
The network analysis requires only knowledge of network structure (i.e. presence or absence of 
interactions between species) and focuses on system responses as a whole (Jordán and Scheuring 
2004, Alcántara and Rey 2012). However, it lacks the power to give specific predictions on the 
responses of each component (i.e. species), which was required for this Christmas Island problem. 
Thus, I conducted a qualitative assessment to evaluate the responses of a number of individual 
species of conservation concern under a range of potential management strategies based on 
currently available information and knowledge of the ecological networks. The potential 
management strategies were then evaluated and compared by comprehensively considering the 
expected responses of species of concern and management costs. Although such qualitative 
assessment often reflects a subjective judgement, summarizing and synthesizing the best available 
information can still provide insights into conservation issues such as evaluating the population 
status of endangered species (Clapham et al. 1999), assessing the effectiveness of management 
practices (Briske et al. 2011), and providing support for future conservation interventions (Williams 
et al. 2013). 
Methods 
Ecological Networks 
The basis of the network analysis and qualitative assessment was the ecological network of the 
invaded ecosystem of Christmas Island, which reflected trophic interactions between the invasive 
cats and rats and the species of conservation concern. First, species of concern that were under 
threat from cat and rat predation were identified during a workshop in 2013 by three stakeholders 
including an officer and a manager from Christmas Island National Park and a director from Parks 
Australia (Table 3.1, supporting evidence is given in Table 3.A.1 and Table 3.A.2 in Appendix 3.3). 
Then ecological networks were constructed to represent the trophic interactions between cats, rats 
and species of concern by adding additional functional nodes (i.e. species and food resources that 
are not of concern yet affect and connect the focal species) (Table 3.2). A link between two nodes 
indicated either a predator-prey relationship or interference competition. Exploitative competition 
between species was represented when species shared the same prey species or resource nodes. 
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I developed two ecological networks for two ecosystems according to the spatial separation of the 
two areas and the difference in the ecological communities represented. These included a Forest 
ecosystem (Figure 3.1a) and a network of the ecosystem in the inhabited area of the island (Town 
ecosystem, Figure 3.1b). The key difference in these networks was that several species were not 
present in Town ecosystem (the Christmas Island Goshawk, the Christmas Island Emerald Dove, 
the Christmas Island Imperial Pigeon, the Christmas Island Thrush, the Christmas Island White-eye, 
the Brown Booby, and the Giant Gecko) and one species was only present in Town ecosystem (the 
Red-tailed Tropicbird). Each ecosystem included invasive cats and rats, and native species of 
conservation concern (Table 3.1). 
 
 
Figure 3.1 Ecological networks (a) Forest network (b) Town network. Each network comprises 
native species of conservation concern (blue), target invasive species (orange), functional species 
(tan), and food resource nodes (white). A line terminated with an arrow indicates a positive 
influence while a line terminated with a dot indicates a negative influence. 
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Table 3.1 A list of species of conservation concern (CC) and functional species presented in the ecological networks. Information includes the 
common and scientific name, category (native, endemic or introduced to Christmas Island), role in network (conservation concern or functional), and 
habitat (F indicates Forest and T indicates Town). 
Species Name Name in figures Category Role in network Status (EPBC Act) 
Conservation 
Priority 
Habitat 
Red-tailed Tropicbird 
(Phaethon rubricauda westralis) 
Tropicbirds (R)  Native CC Listed marine  Medium T 
White-tailed Tropicbird 
(Phaethon lepturus) 
Golden Bosun 
(phaethon lepturus fulvus) 
Tropicbirds (W) Endemic CC Listed marine 
Listed as Endangered 
High F, T 
Brown Booby 
(Sula leucogaster) 
Brown Boobies Native CC Listed marine  Medium F 
Christmas Island Goshawk 
(Accipiter hiogaster natalis) 
Goshawks Endemic CC Listed as endangered High F, T 
Christmas Island Hawk-owl 
(Ninox natalis) 
Hawk-owls Endemic CC Listed as vulnerable High F, T 
Christmas Island Emerald Dove 
(Chalcophaps indica natalis) 
Doves  Endemic CC Listed as endangered  High F 
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Table 3.1 continued       
Species Name Name in figures Category Role in network Status (EPBC Act) 
Conservation 
Priority 
Habitat 
Christmas Island Imperial Pigeon 
(Ducula whartoni) 
Pigeons Endemic CC Not listed  Medium F 
Christmas Island Thrush 
(Turdus poliocephalus 
erythropleurus) 
Thrushes Endemic CC Listed as endangered High F 
Christmas Island white-eye 
(Zosterops natalis) 
White-eyes Endemic CC Not listed  Medium F 
Christmas Island flying-fox 
(Pteropus natalis) 
Flying-foxes Endemic  CC Listed as Critically 
Endangered 
High F, T 
Giant Gecko 
(Cyrtodactylus sadleiri) 
Geckos Endemic CC Listed as Endangered High F 
Nankeen Kestrel 
(Falco cenchroides) 
Kestrels Self-
introduced 
Functional - - F, T 
Feral Chicken 
(Gallus gallus domesticus) 
Chickens Introduced Functional - - F, T 
Red crabs 
(Gecarcoidea natalis) 
Crabs Endemic Functional - - F, T 
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Table 3.2 A list of food resource nodes presented in the ecological networks. Information includes 
node name, description and the habitat where a node occurs (F indicates Forest and T indicates 
Town). 
Node name Description Habitat 
Insect resources (diurnal) Insect resources consumed by diurnal species F, T 
Insect resources (nocturnal) Insect resources consumed by nocturnal species F, T 
Fruit resources (canopy) Fruit resources in canopy F 
Fruit resources (ground) Fruit resources on ground F 
Cultivated produce (ground) Cultivated produce on ground T 
Cultivated produce (above-ground) Cultivated resource (i.e. fruits) above-ground  T 
 
Network analysis on topological properties 
The network analysis was conducted on two network properties, connectance and 
compartmentalisation. The networks to be analysed were binary, with the presence or absence of 
nodes (i.e. species) and links (i.e. species interactions). Therefore, this network analysis on 
topological properties only allowed me to consider species removal scenarios, and was not able to 
incorporate the actual effectiveness of management actions to inform real-world practices. For 
instance, this approach can examine the network performance under a cat removal scenario by 
comparing network variations with and without the cat node and relating links, yet it lacks the 
ability to predict the effects of different control actions which reduce the cat population to different 
extents.  
Three general management scenarios were considered including (1) no management, (2) cat 
removal alone, and (3) combined cat and rat removal. These scenarios were represented by three 
network variations for each ecosystem (Forest or Town), including (1) a network with cats and rats, 
(2) a network without cats, and (3) a network without cats and rats. I compared the network 
properties across the three network variations for each ecosystem to assess the effects of cat 
removal or combined cat and rat removal. 
Connectance is defined as the proportion of possible species interactions that are realized (Pimm 
1984), which is usually calculated as:  
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𝐶 =
2𝐿
𝑁(𝑁 − 1)
 (1) 
where N is the number of nodes and L is the number of links (Jordán and Scheuring 2004, Stevens 
2009). Network metrics including the number of nodes and links and connectance were calculated 
using the function GenInd of the NetIndices package (Kones et al. 2009) implemented in R 3.2.0 (R 
Core Team 2015). 
Compartmentalisation (or modularity) splits a network into network compartments, in which 
species interact frequently with each other yet interact little with species from other compartments 
(Stevens 2009). General algorithms for calculating compartmentalisation are commonly used to 
compare degrees of compartmentalisation in networks, for which the numbers of links and nodes 
are the same yet the distributions of the links are different (Jordán and Scheuring 2004, Stevens 
2009). However, the networks of Christmas Island were very small, and removal of cats or removal 
of cats and rats had great influences on network structure (both numbers of nodes and distributions 
of links), which made the values calculated from these algorithms less comparable. Therefore, I 
made a qualitative comparison of compartmentalisation across network variations, which were 
visualised by matrices representing the interactions. 
Qualitative assessment 
I conducted a qualitative assessment to predicted the responses of species of concern to a range of 
potential management strategies of cats and/or rats on Christmas Island by consulting the best 
available information. Compared with the network analysis, this approach reflected a subjective 
judgement, but allowed assessment of the responses of individual species and consideration of the 
effectiveness of management strategies in real-world practices, as required for this Christmas Island 
problem. 
Management objectives 
The evaluation of responses for individual species of concern (Table 3.1) was required since these 
species were considered to reflect management objectives, which are to maintain the values of the 
Christmas Island National Park (Director of National Parks 2014a). Species that are endemic to 
Christmas Island and that are listed under the Environment Protection and Biodiversity 
Conservation Act 1999 (EPBC Act), including the List of marine species and the List of Threatened 
Fauna, were prioritized higher than other native species in the networks. 
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Management strategies and costs 
As a real-world management problem, an evaluation of practical management strategies was 
necessary for decision-making. Potential management actions and related costs were provided by 
the three stakeholders during the workshop. There were seven potential management strategies 
proposed including a ‘do nothing’ strategy and six strategies with actions, from six possible 
combinations of four basic management actions (island cat eradication, Town cat removal, Forest 
cat baiting and rat baiting) (Table 3.3). Costs in Australian dollars for the four management actions 
were provided by the stakeholders. The cost of island cat eradication ($5 million) was based on the 
information sources of the stakeholders. To date, there has been a $500,000 boost from the 
Australian Government and $1.35 million in funding from the island’s phosphate revenue, and 
additional funding will come from new partners (Department of the Environment 2014c). The costs 
of Town cat removal, Forest cat baiting and rat baiting were estimated by the stakeholders based on 
the costs of the cat and rat control activities that had been or were being undertaken on the island. 
Logically, the rat management action was not assessed alone as this action was regarded as 
supplementary to cat management. For instance, when the rat baiting was combined with Town cat 
removal, this rat baiting activity would have a focus on the Town regions. A consistent estimate was 
given for the cost of rat baiting for different strategies (Town focus, Forest focus or island focus), 
because the differences were minor as the costs of logistics and bait remained largely the same. 
Implementation of management strategies were discussed on the basis of a 10-year time scale, and 
outcomes of management were assessed over a 20-year time horizon (Director of National Parks 
2014a). 
Predicting species responses and comparing management strategies 
I evaluated the responses of species of concern to the seven different management strategies. To do 
this, I consulted currently available information from published studies, accessible grey literature 
and government documents on cats, rats, species of concern and a few other species that were 
considered to be important for supporting and interpreting the predictions. Given that there is at 
present very little information available, I also consulted studies on similar island ecosystems, on 
comparable eradication projects such as cat and/or rat eradication in other ecosystems, and on the 
ecology of related species (e.g. same genus) to the species on Christmas Island. 
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Table 3.3 Potential management strategies, management actions and costs specified for each 
strategy. The costs were measured by Australian dollars ($). 
Strategies Management actions Costs 
(1) Do Nothing No management interventions $0 
(2) Island wide cat 
eradication with 
rat baiting 
 
Cat eradication includes baiting, 
trapping, and hunting in Town and 
Forest.  
Rat baiting includes setting up bait 
stations around located seabird nesting 
colonies and around houses to keep 
rats out of people’s houses. 
Cat eradication: $5,000, 000 
(one-off investment) 
Rat baiting: $15,000 p.a. 
(3) Island wide cat 
eradication without 
rat baiting 
Cat eradication includes baiting, 
trapping, and hunting in Town and 
Forest.  
Cat eradication: $5,000,000 
(one-off investment) 
(4) Town cat 
removal with rat 
baiting 
 
Town cat removal includes neutering 
of pets, trapping of unregistered & 
stray cats and baiting in a buffer zone 
around the Town. 
Rat baiting: same actions as stated in 
strategy (2), but with a focus in Town 
area. 
Town cat removal: $75,000 p.a. 
Rat baiting: $15,000 p.a. 
Total: $90,000 p.a. 
(5) Town cat 
removal without 
rat baiting 
 
Town cat removal includes neutering 
of pets, trapping of unregistered & 
stray cats and baiting in buffer zone 
around Settlement. 
Town cat removal: $75,000 p.a. 
(6) Forest cat 
baiting 
Forest cat removal includes baiting on 
tracks around island. 
Forest cat removal: $150,000 p.a. 
(7) Town cat 
removal and rat 
baiting as well as 
Forest cat baiting 
A combination of strategy (4) Town 
cat removal with rat baiting and (6) 
Forest cat baiting 
Town cat removal: $75,000 p.a. 
Rat baiting: $15,000 p.a. 
Forest cat baiting: $150,000 p.a. 
Total: $240,000 p.a. 
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There were considerable uncertainties concerning the population status of species of concern. For 
certain species, the estimation varied from a couple of hundred to several thousand (Director of 
National Parks 2014a). Moreover, dietary studies of cats on Christmas Island showed great 
variation (Algar and Johnston 2010), and there were no quantitative dietary studies conducted for 
rats and native birds of prey (the goshawk and the hawk-owl). Given the lack of reliable 
information on species populations and interaction strengths between species, it was exceedingly 
difficult to predict the extent of population change caused by a certain management strategy. 
Therefore, in this qualitative assessment, I made predictions based on the likelihood of species 
responses. Specifically, species responses were first identified as ‘positive’, ‘negative’, ‘neutral’ or 
‘uncertain’, where ‘neutral’ indicated that species were not affected by the management action and 
‘uncertain’ indicated that species population changes were difficult to predict, and could either 
show a positive or a negative response. For ‘positive’ and ‘negative’ responses, each was further 
specified with estimated probabilities including ‘highly likely’, ‘likely’ and ‘slightly likely’. Given 
that few species of concern have been subjected to comprehensive study, I caution that most 
predictions should be regarded as tentative. 
Species with similar ecological roles were grouped and discussed together, including: (1) seabirds 
(the White-tailed Tropicbirds, the Red-tailed Tropicbirds, and the Brown Booby), (2) birds of prey 
(the Christmas Island Goshawk and the Christmas Island Hawk-owl), (3) frugivorous land birds 
(the Christmas Island Emerald Dove and the Christmas Island Imperial Pigeon), (4) insectivorous 
land birds (the Christmas Island Thrush and the Christmas Island White-eye), (5) mammals (the 
Christmas Island Flying-fox), and (6) reptiles (the Christmas Island Giant Gecko). The responses of 
these species were predicted with supporting information, and are summarized in Table 3.5. 
Results 
Network analysis on topological properties  
Connectance 
As expected, for both the Forest and Town ecosystems the ‘no management’ scenario had the 
highest connectance value (0.28 for both), followed by networks simulating cat removal alone (0.24 
- Forest and 0.25 - Town) (Table 3.4). Networks without both cats and rats had the lowest 
connectance (0.15 and 0.14) with an approximately 50% reduction in the number of links compared 
with networks for the other two scenarios (Table 3.4). 
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Table 3.4 Values of network properties for network variations of Forest network and Town 
network.  
Network Number of nodes Number of links Connectance 
Forest network    
No management 19 95 0.28 
Car removal alone 18 73 0.24 
Combined cat and rat removal 17 42 0.15 
Town network    
No management 14 51 0.28 
Car removal alone 13 39 0.25 
Combined cat and rat removal 12 18 0.14 
 
Compartmentalisation 
For the Forest networks, the network with presence of cats and rats was less compartmentalized as a 
number of generalists such as cats, rats and goshawks linked prey species together (Figure 3.2a, see 
Figure 3.A.1a in Appendix 3.1 for the structure of the ecological network). Under the cat removal 
scenario, although the flying-fox was less connected to other species, the other components of the 
network were still largely connected by rats and goshawks (Figure 3.2b, Figure 3.A.1b in Appendix 
3.1). The network simulating cat and rat removal showed a greater compartmentalization, in which 
the brown booby was an independent node, and the flying-fox and the nocturnal group of species 
(i.e. hawk-owls, geckos and nocturnal insect resources) were less connected to the network (Figure 
3.2c, Figure 3.A.1c in Appendix 3.1). The Town network under the cat and rat removal scenario 
also showed a greater compartmentalization, with four disconnected compartments (Figure 3.3c, 
Figure 3.A.2c in Appendix 3.1). 
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Figure 3.2 Interaction matrices of the Forest ecosystem under three management scenarios: (a) no 
management, (b) cat removal alone, and (c) combined cat and rat removal. A filled square in 
interaction matrices indicates an effect from a predator (top row) to a prey (left column).  
35 
 
 
Figure 3.3 Interaction matrices of the Town ecosystem under three management scenarios: (a) no 
management, (b) cat removal alone, and (c) combined cat and rat removal. A filled square in 
interaction matrices indicates an effect from a predator (top row) to a prey (left column). 
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Qualitative assessment of species responses to different management strategies 
The expected responses of species of conservation concern to the seven management strategies are 
summarized in Table 3.5. Species responses with supporting evidence to the first two strategies, the 
‘do nothing’ and the ‘island wide cat eradication with rat baiting’ strategy, are provided to illustrate 
the assessment process. Species responses to Strategies 3−7 can be found in Appendix 3.2. The 
supporting evidence used for the evaluation of a particular species to different strategies was largely 
based on the same selection of literature for each species. Therefore, the supporting evidence is not 
presented repeatedly for each species under each strategy. However, some evidence is emphasized 
for predicting responses to particular strategies. A detailed summary of the key information with 
supporting evidence used for predicting responses of species of conservation concern is listed in 
Table 3.A.1 and 3.A.2 in Appendix 3.3. 
Strategy 1 Do nothing 
The ‘do nothing’ scenario indicates no cat and rat management actions would be implemented, thus 
there is no cost incurred.  
Strategy 1 Cats’ and rats’ responses 
Expected responses 
Highly likely to maintain the current high level of abundance.  
Supporting evidence:  
The population of feral cats is estimated to number from a few hundred to around 1,000 on 
Christmas Island (Department of the Environment 2014c, Threatened Species Scientific Committee 
2014c). The most recent survey in 2008 suggested an abundance index of 1.34 cats per km (Algar 
and Johnston 2010), which indicates that the cat population is relatively abundant on the island. 
Tidemann et al. (1994) reported that the diet of cats on Christmas Island was dominated by three 
vertebrate species including the Emerald Dove, the flying-fox and the introduced rat, which 
together constituted 80% of the food intake. Another survey conducted in 1997 found there was a 
significant proportion (30–40%) of the native reptile species in the diet of cats (Van der Lee and 
Jarman (1996) cited in Algar and Johnston (2010)). Two later studies showed that invertebrates, 
black rats and a number of bird species were the predominant dietary species, and found little 
evidence of cat predation on flying-foxes (Corbett et al. (2003), Algar and Brazall (2005) cited in 
Algar and Johnston (2010)). Besides rats, other introduced species such as waterhens (Amaurornis 
phoenicurus) and abundant domestic chickens are also food resources that facilitate the growth of 
the cat population (Beeton et al. 2010). This evidence suggests that there could be a dietary shift for 
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cats, which may indicate the strong adaptability and flexibility of cats in coping with the change of 
food availability. A detailed summary of the literature on cat abundance and diet on Christmas 
Island is provided in Table 3.A.1 in Appendix 3.3.  
The black rat is a contributing factor to declines of endemic island species globally (Howald et al. 
2007). On Christmas Island, it potentially affects a number of bird species including the Red-tailed 
Tropicbird, the White-tailed Tropicbird, the dove, the thrush, and the white-eye (Beeton et al. 
2010). The rat population may be limited by land crabs through competition for food resources 
and/or predation on young rats (Algar and Johnston 2010). A recent study indicated the rat 
population was more abundant than previous studies and historical records suggested (Low et al. 
2013). The home range of rats on Christmas Island was reported to be much smaller compared with 
similar ecosystems, suggesting that rat density on the island was relatively high (Low et al. 2013). 
Strategy 1 Seabirds’ responses 
Expected responses 
Red-tailed Tropicbirds: highly likely to show a negative response 
White-tailed Tropicbirds: highly likely to show a negative response 
Brown Boobies: highly likely to show a negative response 
Supporting evidence 
Studies found very high chick mortality (100% and 96% of two surveys) of Red-tailed Tropicbirds 
as a result of cat predation (Ishii (2006) cited in Garnett et al. (2010)). A survey in 2011 found a 
dramatic increase in the nesting success (65.8%) of Red-tailed Tropicbird chicks following cat 
control along the shoreline of the Town area (Algar et al. 2012). The chicks and adults of Brown 
Boobies and White-tailed Tropicbirds are also considered under threat (Beeton et al. 2010), 
although empirical studies are lacking for these two species on Christmas Island. 
Given our current knowledge of the detrimental effects on seabird species of Rattus spp. in other 
ecosystems (Ringler et al. 2015, Russell and Holmes 2015), these seabirds are likely to be 
threatened by the abundant rat population that was found around seabird colonies (Algar and 
Johnston 2010, Low et al. 2013).  
These seabird species forage for fish and have little competition with land species. Although the 
native Christmas Island Goshawk feeds on seabirds, this is unlikely to present threats to the seabird 
populations since the goshawk has a low populations and is a generalist feeding on a variety of 
species (Hill 2004a). 
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Table 3.5 Qualitative predictions of the responses of species of conservation concern under seven different management strategies. The responses are 
specified by the likelihood of positive or negative responses (slightly likely, likely and highly likely) indicating the species population will show a 
positive/negative change, or neutral indicating that the species population is not affected by the management, or uncertain indicating the direction of 
population change is unknown. Three red colors from light to dark indicate slightly likely, likely and highly likely negative changes. Three blue colors 
from light to dark indicate slightly likely, likely and highly likely positive changes. Grey indicates neutral. Light yellow indicates uncertain. 
    Management strategies & costs 
  
 
 
 
Species of concern 
(1) Do 
Nothing 
(2) Island 
wide cat 
eradication 
with rat 
baiting 
(3) Island 
wide cat 
eradication 
without rat  
(4) Town cat 
removal with 
town rat 
baiting 
(5) Town cat 
removal 
without town 
rat baiting 
(6) Forest cat 
baiting 
 (7) Town cat 
removal and 
town rat 
baiting as 
well as forest 
cat baiting 
$0 $5,000,000 
(one-off) & 
$15,000 p.a. 
$5,000,000 
(one-off) 
$90,000 p.a. $75,000 p.a. $150,000 p.a. $240,000 p.a. 
Red-tailed Tropicbird        
White-tailed Tropicbird        
Brown Booby        
Christmas Island Goshawk        
Christmas Island Hawk-owl        
Christmas Island Emerald Dove        
Christmas Island Imperial Pigeon        
Christmas Island Thrush        
Christmas Island white-eye        
Christmas Island flying-fox        
Giant Gecko        
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Strategy 1 Birds of prey’s responses 
Expected responses 
Christmas Island Goshawks: slightly likely to show a negative response 
Christmas Island Hawk-owls: neutral, unlikely to be affected 
Supporting evidence 
The population of the Christmas Island Goshawk is estimated to be fewer than 250 individuals 
(Beeton et al. 2010). This species is particularly vulnerable due to the low population, threatened 
mainly by habitat loss, impacts of the Yellow Crazy Ants, pressure of inbreeding depression and 
risks of natural catastrophe (Hill 2004a). 
The goshawk preys on a variety of species including white-eyes, thrushes, doves, domestic 
chickens, tropicbirds, rats, reptiles and invertebrates (Hill 2004a). Although there is no direct 
connection between cats and the goshawk, the large dietary overlap may negatively affect goshawks 
through exploitative competition. No quantitative dietary study of the Christmas Island Goshawk is 
available, but it is suspected that introduced rats may have replaced two extinct rodent prey species 
and form part of the goshawks’ diet (Hill 2004a). 
The goshawks are also likely to be influenced by a self-introduced raptor, the Nankeen Kestrel 
(Schulz and Lumsden 2009). Since the kestrel’s colonization, its population is believed to be 
increasing and widespread across the island, although the exact population size remains unclear. 
The impacts of this species on native fauna have not been documented. The dietary study showed 
that this species feeds mainly on Giant Grasshoppers (Valanga irregularis) (97% of total items) 
with a small number of other insects (Schulz and Lumsden 2009). The kestrel was also observed to 
prey on black rats (Dion Maple, personal communication). Its diet partially overlaps with that of the 
Christmas Island Goshawk. Since the juvenile goshawks may tend to prey on invertebrates, and 
given the increasing population of kestrels, there is a potentially negative effect from kestrels on 
goshawks through exploitative competition. 
Given the potential negative influence of cats and kestrels, without any control intervention on cat 
population, I predict that the goshawk will be slightly likely to be negatively affected. 
A recent study showed the population of the Christmas Island Hawk-owl was significantly 
overestimated by previous studies (e.g. Hill and Lill (1998)), although it is not known whether the 
population is stable or in decline (Low and Hamilton 2013). This nocturnal species is primarily 
insectivorous, feeding on a variety of invertebrates such as tree crickets (Gryllacris rufovaria) and 
beetles (Coleoptera) (Hill 2004b), and is also recorded to prey on vertebrates including rats and 
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geckos (Hill and Lill 1998). The Town area and its surroundings on Christmas Island support a 
relatively high density of hawk-owls, since these areas provide a high density of introduced prey 
species such as Asian House Geckos (Hemidactylus frenatus), cockroaches (Periplaneta 
Americana) and rats (Low and Hamilton 2013). The hawk-owl may rest close to the ground and 
may be exposed to the risk of cat predation, but no evidence at present indicates that cats have a 
significant impact on the hawk-owls (Hill 2004b). Therefore, I predict that the hawk-owl population 
will not be affected by the presence of cats. 
Strategy 1 Frugivorous land birds’ responses  
Expected responses 
Christmas Island Emerald Doves: likely to show a negative response 
Christmas Island Imperial Pigeons: neutral, unlikely to be affected 
Supporting evidence 
There are no reliable estimates of the dove population, One study using distance sampling 
suggested estimates of population sizes that varied from 900 to 3,500 individuals (Corbett et al. 
(2003) cited in James and McAllan (2014)). Yellow Crazy Ants, which affect a range of land bird 
species on Christmas Island, are thought to be the primary threat to the Emerald Dove, by reducing 
the availability of suitable breeding habitat and disturbing foraging behavior (Davis et al. 2008, 
Davis et al. 2010, James and McAllan 2014). Predation by cats and possibly rats may have impacts 
as the dove usually forages on the ground (Department of the Environment 2014b), but the extent of 
the impact remains unclear (Threatened Species Scientific Committee 2014a). If there are no 
control efforts, it is likely that the dove will be negatively affected given the possible increasing 
trends of cat and rat populations. 
The Christmas Island Imperial Pigeon is currently considered abundant, with estimates of 35,000–
66,000 individuals (Corbett et al. (2003) cited in James and McAllan (2014)). The pigeon feeds on 
fruit in the canopy and occasionally descends to the ground for fruit and water (James and McAllan 
2014). Although a dietary study found that the pigeon occurred in 9% of the guts of cats examined 
(Tidemann et al. 1994), no further evidence suggests that cats and/or rats are causing significant 
impacts on this species. Thus I predict that the presence of cats and rats is unlikely to affect the 
pigeon population (Threatened Species Scientific Committee 2006a). 
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Strategy 1 Insectivorous land birds’ responses 
Expected responses 
Christmas Island Thrushes: likely to show a negative response 
Christmas Island White-eyes: likely to show a negative response 
Supporting evidence 
Populations of the Christmas Island Thrush and the Christmas Island White-eye were estimated at 
15,000 individuals and 20,000 breeding birds, respectively, according to the only survey 
(Threatened Species Scientific Committee 2006b, Department of the Environment 2014f). The 
thrush forages primarily on the forest floor and in understory vegetation (James and McAllan 2014), 
and the white-eye forages from forest floor to canopy (Threatened Species Scientific Committee 
2006b). Both species were recorded in the dietary study of cats (Tidemann et al. 1994). Black rats 
were assumed to be responsible for the extinction of a number of Passeriformes on other islands 
(Howald et al. 2007, Hutton et al. 2007). The presence of rats may reduce the nesting success of 
both species. Therefore, I predict that the thrush and the white-eye are likely to be affected without 
any management efforts for cats and rats. 
Strategy 1 Mammals’ responses 
Expected responses 
Christmas Island Flying-foxes: likely to show a negative response 
Supporting evidence 
Christmas Island Flying-foxes are diurnal foragers for a wide variety of fruits and blossoms and are 
thought to be an important component of the island rainforest ecosystem as a seed disperser and 
pollinator (Threatened Species Scientific Committee 2014c). The population of the flying-fox was 
estimated at 331-1,469 individuals (Director of National Parks 2014b), and is considered to have 
undergone rapid decline (Threatened Species Scientific Committee 2014c, Woinarski et al. 2014). 
Tidemann et al. (1994) reported that the flying-fox formed a significant proportion of food intake of 
cats, yet such a high proportion was not reported by subsequent diet studies (Van der Lee and 
Jarman (1996), Corbett et al. (2003), Algar and Brazall (2005) cited in Algar and Johnston (2010)). 
There is no conclusive evidence to indicate to what extent this species is affected by cat predation. 
Given the abundant cat population (around 1,000 individuals) (Threatened Species Scientific 
Committee 2014c), the presence of cats is likely to have a negative effect on the flying-foxes. 
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Strategy 1 Reptiles’ responses  
Expected responses 
Christmas Island Giant Geckos: likely to show a negative response 
Supporting evidence 
There are no island-wide population estimates of the Giant Gecko (Threatened Species Scientific 
Committee 2014b). Although this species is still relatively abundant on the island, there is sampling 
evidence suggesting its population has declined dramatically (Beeton et al. 2010, Smith et al. 2012). 
Threats to this species includes habitat loss, disease, and predation and competition from introduced 
species (Threatened Species Scientific Committee 2014b). Predation is believed to be the primary 
cause for population declines of the all reptile fauna on Christmas Island (Smith et al. 2012). 
Specifically, the giant gecko has been recorded in dietary studies of feral cats (Van der Lee and 
Jarman (1996) cited in Algar and Johnston (2010)) and cats are suggested to be a long-term threat 
(Smith et al. 2012). Predation by rats, the introduced Asian wolf snakes (Lycodonaulicus 
capucinus) and the introduced giant centipedes (Scolopendra subspinipes), competition from 
introduced geckos and disruption by Yellow Crazy Ants may also impact the gecko (Smith et al. 
2012), but there is no single factor that has been singled out as causing the decline (Threatened 
Species Scientific Committee 2014b). Therefore, I predict that the gecko is likely to be negatively 
affected by the presence of cats and rats. 
Strategy 2 Island wide cat eradication with rat baiting  
Managing cats and rats simultaneously can avoid the potential risk of meso-predator release of the 
rat population. The cost of this strategy is the highest with an estimated one-off cost ($5 million) for 
cat eradication and also at least $ 15,000 per annum ongoing cost for rat baiting. 
Strategy 2  Seabirds’ responses 
Expected responses 
Red-tailed Tropicbirds: highly likely to show a positive response 
White-tailed Tropicbirds: highly likely to show a positive response 
Brown Boobies: highly likely to show a positive response 
Supporting evidence 
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The cat control effort around seabird colonies has been effective, and has led to an increase in the 
nesting success of the chicks along the Town shoreline (Algar et al. 2012). Further removal of cats 
from the island is highly likely to benefit the seabird species. The abundant populations of rats 
around seabird colonies may reduce the benefits of cat control (Low et al. 2013). A combination of 
cat eradication and rat control around bird colonies will largely reduce the risks of meso-predator 
release and the increase in rat impacts. 
Strategy 2 Birds of prey’s responses 
Expected responses 
Christmas Island Goshawks: uncertain 
Christmas Island Hawk-owls: neutral, unlikely to be affected 
Supporting evidence 
Cat removal may indirectly benefit the Christmas Island Goshawk through an increase in native 
prey (see Strategy 1 Birds of prey’s responses). However, there is a concern that rat suppression 
will reduce food resources for this endemic raptor. No quantitative dietary study on Christmas 
Island Goshawks is available. Removal of rats may have some negative effects on the foraging and 
feeding of goshawks. Thus, the benefits and risks of this management strategy to the goshawks are 
highly uncertain. 
There is no direct link between cats and the Christmas Island Hawk-owl, and their primary food 
resources differ. Due to the hawk-owl’s preference for invertebrates and the abundant Asian House 
Geckos and cockroaches, a reduction of the rat population is unlikely to cause a direct food shortage 
for this species (see Strategy 1 Birds of prey’s responses). Thus, cat eradication with rat control may 
have little influence on the hawk-owl population. 
Strategy 2 Frugivorous land birds’ responses  
Expected responses 
Christmas Island Emerald Doves: likely to show a positive response 
Christmas Island Imperial Pigeons: neutral, unlikely to be affected 
Supporting evidence 
This strategy is likely to lead to an increase of the Christmas Island Emerald Dove population (see 
Strategy 1 Frugivorous land birds’ responses). However, with the presence of super-colonies of 
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Yellow Crazy Ants, uncertainties exist on how much benefit the dove population will get from cat 
and rat management. 
Management of cats and rats may have few benefits to the pigeon given its high population and 
canopy feeding behavior (see Strategy 1 Frugivorous land birds’ responses).  
Strategy 2 Insectivorous land birds’ responses 
Expected responses 
Christmas Island Thrushes: likely to show a positive response 
Christmas Island White-eyes: likely to show a positive response 
Supporting evidence 
According to the threats and population information (see Strategy 1 Insectivorous land birds’ 
responses), this management strategy is likely to benefit the thrush and the white-eye populations. 
Strategy 2 Mammals’ response 
Expected responses 
Christmas Island Flying-foxes: likely to show a positive response 
Supporting evidence 
Given the predation pressure of cat, the flying-fox is likely to positively respond to this strategy, but 
it remains unclear to what extent this strategy will benefit population recovery (see Strategy 1 
Mammals’ responses). 
Strategy 2 Reptiles’ response  
Expected responses 
Christmas Island Giant Geckos: slightly likely to show a positive response 
Supporting evidence 
To what extent the giant gecko could benefit from this management strategy with presence of other 
threats remains unclear given the presence of other introduced species such as the wolf snake, the 
crazy ant and other non-native geckos (see Strategy 1 Reptiles’ responses). However, I predict that 
the gecko is slightly likely to benefit from the management of cats and rats. 
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Discussion 
Topological analysis 
Structural analysis of ecological networks can be used to guide the evaluation of management 
efforts when information on species dynamics is absent. In the networks simulating ‘no 
management’ scenario, cats and rats as super-generalists largely increased the overall network 
connectance and reduced compartmentalization. The effects of removing one species (both positive 
and negative) is more likely to propagate throughout the network; while removing both species is 
likely to avoid such secondary effects. However, this point only holds when the original ecological 
network has low connectance level and the generalists are able to connect with a large proportion of 
the species, such as the Christmas Island system shown here. Cat removal did not reduce 
connectance or increase compartmentalization due to the remaining presence of rats, thus the spread 
of perturbations (i.e. management effects) and potential trophic cascades may be facilitated by rats. 
An example of this is the potential of meso-predator release of rats after cat eradication which may 
lead to secondary effects on a number of native species including the seabird species, some land 
birds and the gecko. Removal of both cats and rats reduced network connectance and increased 
compartmentalization. Thus, managing cats and rats simultaneously is more likely to benefit native 
species through increasing network stability and to slow the spread of disturbance due to a change 
in network characteristics.  
Comparing management strategies 
The do nothing scenario is predicted to be the least favorable with the continuation of current 
negative trajectories for a number of species. Island-wide cat eradication with rat baiting (Strategy 
2) leads favorable outcomes with three species showing ‘highly likely’ positive responses. If the rat 
baiting can be done through a step-wise manner, the probability of negative impacts on the goshawk 
due to food reduction will be largely reduced, which renders this combination of cat eradication 
with control of rats the most preferable strategy. This strategy (Strategy 2) reduces the potential 
risks of rat population release comparing to Strategy 3, and if applied with a proper manner it has 
the potential to address the negative effects on the goshawk. When considering costs, however, 
Strategy 3 may rival Strategy 2 as Strategy 2 requires ongoing rat control per annum. 
The outcomes of the two Town strategies, Strategy 4 (Town cat removal with Town rat baiting) and 
Strategy 5 (Town cat removal without Town rat baiting), are less preferable because of the lower 
number of focal species covered and the ongoing costs required. These two strategies require the 
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lowest cost per annum, but forest species benefit little. Strategies 4 and 5 are likely to fail to meet 
the management goal of maintaining biodiversity and conserving a number of high priority species. 
Under the scenario of Strategy 6 (Forest cat baiting), there is a high risk of population decline of 
Red-tailed Tropicbirds since this species is only present in Town areas; while Strategy 7 (with 
Town cat removal and Town rat baiting as well as Forest cat baiting) will largely reduce this risk. 
For both Strategy 6 and 7, the control action in Forest areas is cat baiting, which is less effective 
than cat eradication in reducing cat population. Thus, the positive responses of Forest birds and the 
flying-fox to these two strategies are less certain and less favorable compared with Strategies 2 and 
3 which conduct cat eradication. Medium ongoing costs are required for both Strategies 6 and 7. If 
the resource input is ceased, the populations of cats and rats are likely to bounce back. Strategy 7 
yields no advantages on Strategies 2 and 3 involving island cat eradication if the management is 
viewed over a 10-year time scale. In addition, the final outcomes are more difficult to predict over a 
relatively long time span (20 years) with the various uncertainties that exist in the ecosystem. 
However, over a short period if sufficient resources and funding are not available to carry out 
eradication, Strategies 6 and 7 could be considered and are more beneficial than the two Town-only 
strategies. 
Dealing with uncertainties in the assessment 
Predictions of the benefits and risks of management strategies were conducted by comprehensively 
reviewing available information and analyzing the structures of ecological networks, however, 
uncertainties exist with these predictions. The first type is the uncertainty of the magnitude of the 
impact of cats and/or rats on individual species. For instance, a strategy of controlling rat 
populations may reduce food sources and negatively affect the endemic raptor, the Christmas Island 
Goshawk. The relatively high level of connectance (the number of links to prey species) suggests 
goshawks may be relatively robust to fluctuations in prey species abundance (Tylianakis et al. 
2010). Yet this robustness depends on the numbers of weak and strong links (distributions and 
patterns of interaction strength). Strong links indicate that species are more affected by population 
changes of the species they are linked to (McCann et al. 1998). For instance, if the interaction 
between goshawks and rats is strong, it indicates that goshawks may be more susceptible to rat 
control; while if the interaction is weak, it means that goshawks are more resilient. Monitoring and 
dietary analysis that provides information on the interaction strengths between the goshawk and its 
prey can reduce uncertainty in predicting the response of goshawks to cat/rat management. 
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Acquiring knowledge of species interactions can also help to identify the key threats to a particular 
species. For instance, predation by cats on flying-foxes and giant geckos has been recorded, but 
there is no reliable quantitative evidence to determine the extent of the impacts that cats have on 
these species (Algar and Johnston 2010, Beeton et al. 2010, Smith et al. 2012). There are many 
other rival explanations for the decline of these species such as habitat degradation, pollution, 
disease and negative effects from other invasive species (O'Dowd et al. 2003, Martin et al. 2012b, 
Director of National Parks 2014a). It remains unclear which threats are the most important. 
The second type of uncertainty is the uncertainty about the population status of high priority 
species. The paucity of empirical information on populations hinders evaluation of species 
population trends. The Christmas Island Thrush and the Christmas Island White-eye are considered 
still to be abundant on Christmas Island yet no population trends are available. It is possible that 
these species are able to persist in the current situation. It is also possible that their populations have 
been affected by cat/rat predation without this being noticed. In such cases, the benefits of cat and 
rat management can be underestimated. The study of breeding success of Red-tailed Tropicbirds 
before/after cat removal provides a good example illustrating that reducing this type of uncertainty 
can lead to more confident predictions. 
The assessment may also encounter the third type of uncertainty beyond identifying species status 
and defining interactions: the structural uncertainty of the ecological networks, since there could be 
species and interactions that can potentially be included and excluded from the model. Gaining 
additional knowledge may identify new interactions which have never been expected, or may 
increase the confidence to exclude links considered in the network. 
Conclusion 
With presence of multiple invasive species in an ecosystem, corresponding invasive species 
management often requires careful evaluation, given the risks of perverse indirect effects. In this 
study, I conducted a simple network analysis based on our current knowledge of trophic interactions 
and a qualitative assessment based on the best available information, to inform the cat and rat 
management issue on Christmas Island. Both the network analysis and qualitative assessment 
supported a similar outcome that manipulating cats and rats together is likely to yield greater 
benefits and minimize the risks. In particular, the qualitative assessment indicated that an island-
wide eradication with prioritised rat baiting was the most favourable strategy given sufficient 
resources and funding. This study showed that articulating ecological networks and using the best 
available information to study species interactions networks can provide insights into decision-
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making, especially given the paucity of information and urgent need for conservation management. 
However, these two approaches have a number of limitations in their predictive power. The network 
analysis has limited ability to specifically predict the responses of individual species, while the 
qualitative assessment reflects a subjective judgement and is unable to cope with indirect effects 
across complex pathways. Therefore, future research efforts need to focus on developing tools that 
can cope with great uncertainties yet are able to give objective predictions of species responses to 
invasive species management. 
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Chapter 4 
Tools for predicting the ecosystem-wide impacts of cat 
eradication on Christmas Island, a complex environment with 
limited information 
Introduction 
Conservation-motivated eradications of invasive species have proved effective in ameliorating 
conservation crises, facilitating the recovery of native species, and restoring ecosystems (Nogales et 
al. 2004, Ratcliffe et al. 2010). Instead of manipulating a single invasive species, in recent decades, 
it has become more common to emphasize the importance of assessing the ecological roles of the 
invader, considering species interactions and managing the ecosystem as a whole to avoid 
unexpected outcomes from species eradication (Zavaleta et al. 2001, Glen et al. 2013, Simberloff et 
al. 2013). Invasive species can integrate into an invaded ecosystem, forming new associations not 
only with native species but also with other invaders at multiple trophic levels (Gaertner et al. 2012, 
Lurgi et al. 2014). Consequently some invaders can play a dual role in an ecosystem, causing 
detrimental impacts on native species and ecosystems while assuming some ecological functions by 
filling empty niches (Rodriguez 2006, Sogge et al. 2008). Elimination of invasive species, therefore, 
does not guarantee the recapture of the original species associations and the restoration of 
ecosystems (Buckley 2008, Rinella et al. 2009), and can instead cause adverse indirect effects on 
native species (e.g. trophic cascades) (Bergstrom et al. 2009, Ritchie et al. 2012). To avoid 
undesirable consequences, a priori research is required to predict potential management outcomes, 
identify the potential risks of invasive species removal, and inform better management decisions. 
The impacts of removing species from an ecological network have been widely discussed in food 
web research (Dunne et al. 2002, Montoya et al. 2009). Broadly the analysis of species-removal 
impacts can be split into two groups: a qualitative approach, usually known as a ‘topological 
approach’, where network properties are assessed using structural attributes such as the distribution 
of connections (Proulx et al. 2005, Tylianakis et al. 2010); and a quantitative approach, where the 
population dynamics are explicitly modelled (Yodzis 1988, Schmitz 1997). Both suffer from 
drawbacks: the topological approach does not take into account species interaction strengths, 
whereas the quantitative approaches are often challenging because they require interaction strength 
to be known and are computational intensive for large ecosystems (Eklöf et al. 2013). Mathematical 
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modeling of small species assemblages has provided insights into the impacts of a single species 
focus on eradication, in particular, how higher order predator removals can cause release of lower 
order predators and thus result in negative ecosystem outcomes (e.g. meso-predator release) 
(Courchamp et al. 1999, Tompkins and Veltman 2006). While these results have important 
theoretical implications, they are of limited practical use in real, specific applications because this 
approach can only model a small system usually involving three or four species, whereas real-world 
management often needs to consider more species. 
Although the approaches discussed above provide useful tools for identifying the potential risks of 
invasive species removal, various constraints limit their application to the existing invasion and 
conservation management issues. A key constraint for modelling ecosystems is a lack of 
information about species and the mechanisms of species interaction, and thus sizeable uncertainties 
around how species and ecosystems will respond to management intervention (Regan et al. 2002, 
McDonald-Madden et al. 2010b). The collection of additional information aimed at reducing this 
uncertainty is time consuming and resource demanding, while the urgency of conservation issues 
calls for quick responses and action to avoid further losses (Martin et al. 2012b). For an ecosystem 
the sheer magnitude of unknowns coupled with a need to make timely decisions, leaves us with a 
challenge in informing management decisions with limited information. Qualitative approaches 
have been developed to explore community dynamics in response to invasion management, which 
require only the knowledge of which species interact (network structure) (Dambacher et al. 2003, 
Raymond et al. 2011). While such approaches offer promise for informing conservation decisions 
without requiring onerous system knowledge, they do not provide robust solutions as current 
probabilistic interpretation of the outcomes of qualitative modelling yields large uncertainties 
(Raymond et al. 2011, Melbourne-Thomas et al. 2012), nor do they have the ability to uncover 
patterns of associations between non-control species (Dambacher et al. 2003). We use an alternative 
approach, the Boolean analysis, to interpret the outcomes of qualitative modeling, which provides 
deterministic interpretations and reveals patterns of species responses (Degenne and Lebeaux 1996). 
Despite the high level of uncertainty, these rules allow for a better understanding of network 
structure and more importantly, provide informative implications for practice of species eradication 
and follow-up monitoring. 
We illustrate our qualitative approach by investigating the implications of cat eradication on an 
isolated Australian territorial island, Christmas Island, in order to inform future island-wide 
management decisions. Biological invasion has led to dramatic ecosystem change on Christmas 
Island and resulted in a number of recent extinctions and a call for proactive conservation decisions. 
One of the major threats to native fauna on the island is predation by introduced cats (Felis catus) 
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(Beeton et al. 2010, Algar et al. 2011, Martin et al. 2012b). In 2015 a Christmas Island Feral Cat 
Eradication project was launched (Department of the Environment 2014c). However, the presence 
and trophic role of the invasive black rat (Rattus rattus) complicate the management issue. Given 
our knowledge of the fatal impacts of black rats on other island seabird populations (Howald et al. 
2007, Banks and Hughes 2012), there is concern about the potential accentuation of the impacts of 
rats on other species within the Christmas Island ecosystem when their key predator is removed. 
Simultaneous control, usually suggested as a solution for multi-invaded ecosystems (Glen et al. 
2013, Orchan et al. 2013, Ringler et al. 2015), may result in perverse effects as well, since on 
Christmas Island rats are known to substantially subsidize the diet of an endangered endemic 
predator, the Christmas Island Goshawk (Accipiter fasciatus natalis) (Hill 2004a). It is thus 
necessary to investigate how cat management and additional rat control might affect native species. 
We used a qualitative modeling approach to identify the possible effects of different management 
scenarios (control of cats alone versus control both cats and rats) upon key species of concern, 
aiming to inform future management and monitoring for the cat eradication project on Christmas 
Island. 
Methods 
Modelling overview 
We used a dynamic system approach to model the ecological networks of the Christmas Island 
ecosystems. Each network model was represented by a signed directed graph which contains 
species and the sign of the interactions between them (Section Ecological networks of Christmas 
Island). A community matrix, whose sign-structure reflected the signed graph description of the 
system, summarized the behaviour of the system near steady state once populated with numerical 
values (Section The community matrix). 
Modelling and analysis consisted of two major steps: (1) a certain number of randomly 
parameterized community matrices were generated for each network model, and the responses 
(positive or negative) of all species to particular perturbations (control of cats and control of rats in 
this study) were recorded as predicted by each community matrix (Section Random 
parameterization and validation criteria for the community matrix) and (2) an analysis of the 
species’ responses recorded, which identified the rules governing what combinations of species’ 
responses to a particular management strategy were possible (Section Identifying the rules of 
species' responses). Potential management strategies were developed by specifying various 
combinations of management activities including cat control alone, or a combined control of cats 
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and rats. In addition, a probabilistic approach that was similar to Raymond et al. (2011) was used to 
analyze the outcomes of species’ responses in Section Probabilistic approach. 
Ecological networks of Christmas Island 
We used a dynamic system approach to model the ecological networks of the Christmas Island 
ecosystems. An ecological network is a representation of the trophic interactions between species. 
A link between two nodes indicated either a predator-prey relationship or interference competition, 
while the exploitative competition between species was facilitated when species shared the same 
prey species or resource nodes. All interactions (links) between species were categorized as certain 
or uncertain: certain links indicated that the relationship was considered influential enough to be 
included in the network while uncertain links were those that may or may not be important for the 
network (e.g. opportunistic predation). The inclusion or otherwise of the uncertain links led to 
multiple representations of the network structure (network structure variations). 
We constructed two ecological network for two distinct Christmas Island ecosystems, the Forest 
ecosystem and the Town ecosystem, according to the spatial separation of the two areas and the 
difference in the ecological communities represented (Figure 4.1a and b). Both the Forest and the 
Town networks had a number of structure variations, given the presence of uncertain links (dashed 
lines). The key difference between Town and Forest ecosystems were: (1) several species were not 
present in the Town ecosystem including the Christmas Island Goshawk, the Christmas Island 
Emerald Dove, the Christmas Island Imperial Pigeon, the Christmas Island Thrush, the Christmas 
Island White-eye, the Brown Booby, the Giant Gecko, and (2) the Red-tailed Tropicbird was only 
present in the Town ecosystem (see details of species in Table 4.A.1 and 4.A.2 in Appendix 4.2). 
Each network and its variations contained cats and rats which were under management 
consideration, focal native species which were of conservation concern and under threat of cat and 
rat predation, non-focal species that are not under concern but which affect and connect the target 
and concerned species, and food resource nodes which captured exploitative competition 
interactions between species (Figure 4.1a and b). Where species shared the exact same set of links 
they were lumped together into one node. The dove and the pigeon were represented by a 
‘Frugivorous Birds’ node in the Forest network and White-tailed Tropicbirds and Red-tailed 
Tropicbirds as ‘Tropicbirds’ node in the Town network (Figure 4.1 and Table 4.A.1 in Appendix 
4.2). We explored all possible network variations for the forest ecosystem (i.e. the full forest 
network, the forest network with no interaction between rats and kestrels, the forest network with 
no interaction between rats and crabs, the forest network with no interaction between rats and 
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kestrels nor rats and crabs the full town network) and for the town ecosystem (i.e. the full town 
network, the town network with no interaction between rats and kestrels, the town network with no 
interaction between rats and crabs, and the town network with no interaction between rats and 
kestrels nor rats and crabs). 
 
 
Figure 4.1 Ecological networks (a) Forest network (b) Town network. Each network comprises 
focal native species (blue), target invasive species of management (orange), the species affecting 
and connecting the target and concerned species (tan), and food resources nodes representing 
exploitative competition between species (white). A line terminated with an arrow indicates a 
positive influence while a line terminated with a dot indicates a negative influence. Dashed lines 
represent uncertain interactions. 
 
(b) 
(a) 
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The community matrix 
The analysis technique used for the population dynamics and responses to invasive-species control 
was identical to that in Raymond et al. (2011). Briefly, the population dynamics were described by 
a system of Lotka-Volterra equations, which allowed the population steady state to be summarised 
by the community matrix (Levins 1968). The steady state here referred to local stability — whether 
the system will return to equilibrium after a small perturbation. The sign-structure of the community 
matrix corresponded to the sign-structure of the ecological network, with zero entries between pairs 
of species with no direct interaction. If the non-zero entries in the community matrix were specified, 
both the local stability properties of the system and its response to press perturbations can be 
quantified (Yodzis 1988). The population was stable near the steady state if all eigenvalues of the 
community matrix had negative real parts. The response of each species’ population steady state to 
management (cat or rat control) could be determined from the sensitivity matrix, which was the 
negative inverse of the community matrix (Nakajima 1992). If the entry of the sensitivity matrix 
corresponding to the control species (column) and response species (row) was positive, the response 
of species’ population steady state to management was negative, and vice versa. 
An eradication practice usually involves a sudden population decrease to very low abundance. 
However, a small perturbation simulates a depression on a target population, and it requires a long 
time for the target population to reach near-zero or zero abundance. This simulation approach 
cannot precisely reflect the effects of a real-world eradication practice; therefore, we used the term 
‘control’ instead of ‘eradication’ throughout this study. 
Model parameterization and validation criteria for the community matrix 
Knowing the strengths of interactions between species (and therefore the numerical values of the 
entries in the community matrix) is rare in ecological systems and Christmas Island is no exception. 
We generated randomly parameterized community matrices for each possible network variation, 
with the magnitudes of non-zero entries of the community matrix chosen from a random uniform 
distribution, arbitrarily constrained to (0, 1). 108 valid matrices were generated, which was 
considered to be sufficient to produce short rules that were robust to network structural uncertainty 
(see details in Section Identifying the rules of species’ responses).  
A community matrix was considered valid if it described a system that met the following criteria: 
(1) local stability, (2) a negative response of cats to cat control, or (3) a negative response of rats to 
rat control. The local stability criterion assumed the system would return to equilibrium after small 
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perturbations. The control-species response criteria assumed that each control action had led to a 
population reduction of the species targeted. 
Probabilistic approach 
According to Raymond et al. (2011), after the parameter sweep, we aggregated the species’ 
responses to a particular perturbation across a set of network structures, and then presented and 
explained the outcomes probabilistically. This approach assumed that the effect of press 
perturbations applied to multiple species on a single species was simply the sum of the responses to 
press perturbations. For perturbations for two or more species, the total effect upon a focal species 
may be approximated by the sum of the individual effects (Eqn 15, Nakajima (1992)), however, 
each individual effect must be weighted by relative magnitude of the size of the perturbation for that 
species. In this instance, the relative size of the cat control versus the rat control effort was not 
known a priori, and hence these weightings were not known. Therefore, when considering the 
effect of press perturbations upon two or more species, if the signs of responses for all perturbed 
species was the same, then the sign of the effect for combined perturbations can be determined (i.e. 
all positive response give a combined positive response and all negative response give a combined 
negative response); however, if the signs of two or more responses differed, then the sign of the 
response to combined perturbations was not known. 
To emphasize the utility of our approach we also used a similar method to Raymond et al. (2011) to 
aggregate species’ responses under cat control and cat/rat control scenarios. In this analysis, 106 
stable, valid matrices were generated. For cat control, species respond positively or negatively to 
the perturbation of cats; while for cat and rat control, species response were positive (i.e. positive to 
both cat and rat control), negative (i.e. negative to both cat and rat control), or uncertain (positive to 
cat control and negative rat control or vice versa). We contrasted the analysis and interpretation of 
the outcomes from these two analysis approaches and showed that using Boolean analysis provides 
more informative results with less uncertainty. 
Identifying the rules of species’ responses 
To analyze the species’ responses to cat and rat control, a Boolean analysis involving a Boolean 
minimization was performed (Theuns 1994). Boolean analysis has its background in the sociology 
literature, to find logical statements describing the contingency relationships between binary-
response data, for example, in the analysis of questionnaire data (Degenne and Lebeaux 1996). 
Boolean minimization is a method of finding the shortest statement describing the relationships, and 
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it is widely used to design digital circuits that are small and cost efficient (e.g. Mano and Kime 
(1997)). In this application, they were used to find simple implication rules describing relationships 
between the species’ responses to cat and rat control, for example, ‘if species A responds positively 
to cat control, then species B will respond negatively to rat control’. In contrast to the probabilistic 
Monte Carlo simulation approach above, where results are dependent upon the parameter-value 
sampling distribution, the results of Boolean analysis are deterministic. Furthermore, Boolean 
analysis can uncover contingency-relationships between species’ responses that cannot be obtained 
from considering their independent probabilities alone. 
For n species, each with two possible population-size responses to a given pest control (‘positive’ or 
‘negative’), there is a theoretical maximum of 2n combinations of responses possible. However, due 
to the structure of the network imposed and the dynamic and validation constraints, not all of these 
2n response patterns can be produced by the model. This implies that certain rules exist constraining 
the outcomes of the model. Finding these rules is equivalent to performing a Boolean minimization 
upon the impossible response patterns (see Appendix 4.1 for detailed method). The minimization 
produces the ultimate canonical projections (UCPs), which are the minimal descriptions of these 
impossible responses, which can then be converted into implication rules describing the 
relationships between species' responses as above. 
To implement the above, a parameter sweep was performed, with the magnitudes of non-zero 
entries of the community matrix chosen from the same distribution as in Raymond et al. (2011) — a 
random uniform distribution U (0, 1) — until 108 valid matrices were generated. It should be noted 
that this did not obtain all possible response patterns in the model (and indeed that can never be 
guaranteed using a parameter-sweep method). However, it was found that, 108 was sufficient to 
produce short rules that were robust to network structural uncertainty (see Section Parameter sweep 
and validation criteria for the community matrix). The Boolean minimization was performed using 
the Espresso algorithm in the PyEDA Python module (example code available at 
https://github.com/nadiahpk/qualitative-modelling/tree/master/scripts/townweb). It should be noted 
that this algorithm is heuristic and therefore the result is not guaranteed to be minimal, only close to 
minimal. Although this heuristic approach speeds up the process, it was not able to handle the full 
minimisation problem of the size that this study has. 
First, the Boolean minimization was performed on the unobserved responses to cat control, and 
response rules were determined. This described the species’ responses to cat control alone. Next, we 
investigated the effects of cat and rat control together. As stated in Section Probabilistic approach, 
the effect of cat and rat control on a single species cannot be simply the sum of the responses to cat 
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control and rat control. Thus, when exploring the effects of both controls together, we performed 
Boolean minimization on the unobserved responses to cat control alone and rat control alone 
respectively and then explored response rules for combined cat and rat control based on the 
unobserved responses of the cat control alone and rat control alone together. 
Results 
Probabilistic approach 
For the scenario of cat control alone, species showed two types of responses: positive (grey bar 
including solid and striped grey) and negative (black bar including solid and striped black) (Figure 
4.2). Cat control alone led to more than 75% positive responses for the Brown Booby, the 
Christmas Island Flying-foxes and the Christmas Island Goshawk from the Forest Network. 
However, positive responses for other native species were less supported, leading to sizeable 
uncertainty in predicting native species responses. 
 
Figure 4.2 Aggregated responses of native species to cat control alone and combined cat and rat 
control for the Forest network. For cat control alone, the grey bar (solid and striped) represents 
positive response and the black bar (solid and striped) represents negative responses. For combined 
cat and rat control, species showed four categories of responses: positive responses to both cat and 
rat control (solid grey); negative responses to both cat and rat control (solid black); positive 
responses to cat control and negative responses to rat control (striped grey); and negative responses 
to cat control and positive responses to rat control (striped black). 
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For the scenario of combined cat and rat control, species showed four categories of responses: 
positive responses to both cat control and rat control (solid grey); negative responses to both cat 
control and rat control (solid black); positive response to cat control and negative response to rat 
control (striped grey); and negative response to cat control and positive response to rat control 
(striped black) (Figure 4.2). The Brown Booby, the Christmas Island Flying-fox and the Christmas 
Island Goshawk had the highest proportion of positive responses to both cat control and rat control, 
around 40%-50% (solid grey); while the proportion of positive responses to combined cat and rat 
control for other species were less than 25%. Mixed responses to the combined treatment were 
common across all species, representing up to 75% (positive response to cat control and negative 
response to rat control (striped grey), and negative response to cat control and positive response to 
rat control (striped black)). For these mixed responses, the net response direction of the combined 
cat and rat control could not be determined using this approach. The high proportion of the mixed 
responses (striped bars, Figure 4.2) indicated that sizeable uncertainty existed, leading to difficulties 
in drawing informative inferences. Predicting species response in the Town network was subject to 
the same problem of common mixed responses and consequent large uncertainty in effects (see 
Figure 4.A.1 in Appendix 4.3). 
Rules governing responses to cat and rat control 
Independent effects of cat control 
For both the Forest network and the Town network, the effects of cat control were contingent upon 
the effect that cat control had on the rat population. If cat control had a positive effect on the rat 
population (e.g. through predator release), then all combinations of species’ responses to cat control 
were possible in the model, making it difficult to predict the outcome. However if cat control had a 
negative effect on the rat population (e.g. if cats facilitate rats), then certain positive outcomes were 
guaranteed (Figure 4.3a and b). This contingency upon the effect of cat control on rats was robust to 
structural variation (Figure 4.A.2 in Appendix 4.4.1). The interpretation of the implication rules can 
be found in Box 4.1. 
The implication rules showed that the Brown Booby could benefit directly from the control of cats 
if cat control had a negative effect upon the rat population (Figure 4.3a). The frugivorous birds and 
the flying-foxes showed the following pattern: ‘if the cat control causes a negative response in the 
rat population, then either frugivorous birds, or the flying-foxes, or both species, will benefit from 
cat control’ (Figure 4.3a). Two other pairs — the tropicbird and the goshawk, and the gecko and the 
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hawk-owl — showed the same type of pattern (Figure 4.3a). The longer rule involving goshawks, 
white-eyes, thrushes and feral chickens together also showed a similar pattern. 
To investigate the combined effects of cat and rat control, we also performed Boolean minimization 
on the unobserved responses to rat control and response rules were determined, which can be found 
in Figure 4.A.3 in Appendix 4.4.2. 
 
 
Figure 4.3 Response rules for cat control alone of (a) the Forest network, and (b) the Town 
network. The bold font indicates the effects of cat/rat control on the population of the other target 
species; and the grey shade of a node indicates a negative effect from cat/rat control while an 
unshaded node indicates a positive effect from cat/rat control. 
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Box 4.1 Interpreting the implications diagrams 
 
The first two figure of response rules in this box are parts from Figure 4.3a, which represents the 
response rules for rat control, are read as logical implications. For example, the directed edge 
from Cat_-Rats to Cat_+Brown Boobies can be read as saying: 
Cat_-Rats → Cat_+Brown Boobies 
‘If cat control has a negative effect on rats THEN cat control will have a positive effect on 
Brown Boobies.’ 
The bold font indicates the effects of cat/rat control on the rat/cat population; and the grey shade 
of a node indicates a negative effect from cat/rat control while an unshaded node indicates a 
positive effect from cat/rat control. 
 
The ‘or’ node represents logical OR. For example, the edges flowing from Cat_-Rats through 
‘or’ to Cat_+White-eyes, Cat_+Thrushes, Cat_+Goshawks, and Cat_+Chickens can be read as 
saying: 
Cat_-Rats → Cat_+White-eyes ∨ Cat_+Thrushes ∨ Cat_+Goshawks ∨ Cat_+Chickens 
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Box 4.1 Interpreting the implications diagrams (continued) 
‘If cat control has a negative effect on rats THEN cat control will have a positive effect on 
white-eyes OR cat control will have a positive effect on thrushes OR cat control will have a 
positive effect on goshawks OR cat control will have a positive effect on feral chickens.’ 
The logical OR is not an exclusive OR; in the above example, it is possible that cat control will 
have a positive effect on any combinations of two (e.g. white-eyes and thrushes, or thrushes and 
goshawks etc.), three or all of the four species. 
 
The ‘&’ node represents logical AND . This figure of response rules are parts from Figure 4.4a, 
which can be read as saying: 
Cat_+Brown Boobies ∧ Cat_-Flying-foxes ∧ Cat_+Frugivorous birds→ Rat_+Frugivorous birds 
∨ Rat_+Goshawks 
‘If cat control has a positive effect on Brown Boobies AND cat control has a positive effect on 
frugivorous birds AND cat control has a negative effect on flying-foxes, THEN rat control will 
have a positive effect on frugivorous birds, or goshawks, or both.’ 
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Combined effects of cat control and rat control 
Cat control has already been planned for Christmas Island, so a key question is whether or not 
supplementing cat control with rat control will lead to better outcomes. Of particular concern is the 
scenario in which cat control has a positive effect upon the rat population (e.g. through release of 
rats from cat predation), and so we focused upon that scenario here. We considered two 
consequences of controlling rats in the combined rat and cat control scenario where rats respond 
positively: (1) rat control has a negative effect on cats, so that rat control has both direct benefits 
through a reduction in rats and indirect benefits through consequent reductions in cats, and (2) rat 
control has a positive effect on cats, so that while rat control may have a direct benefit, it may also 
have an indirect cost if cat numbers increase (e.g. if cats and rats were competing for similar 
resources and cats experienced competitive release when rats are controlled). The results of 
alternative scenarios where cat control does not have a positive effect on rats can be found in 
Appendix 4.4.6 (Figure 4.A.7, Figure 4.A.8). 
Scenario 1: Positive effect of cat control on rats, negative effect of rat control on cats 
For both the Forest and the Town network, if rat control had a negative effect upon cats, all rules 
predicted a positive effect of rat control upon at least one species of concern, and this result was 
robust to structural variation (Figure 4.4a and b, Figure 4.A.4 – 4.A.6 in Appendix 4.4.3 – 4.4.5). 
The one exception were the rules involving feral chickens: one of the possible predictions of these 
rules was that only chickens showed a positive response while other species do not. 
In the Forest network (Figure 4.4a), all rules up to length five predicted a positive effect of rat 
control upon at least one species of concern, and this result is robust to structural variation (Figure 
4.A.4 in Appendix 4.4.3), with the exception of the feral chicken rule mentioned above. The Brown 
Booby would benefit directly from the control of rats if rat control had a negative effect upon the rat 
population (Figure 4.4a). The frugivorous birds and the flying-foxes showed another pattern: if rat 
control caused a negative response in the cat population, then either frugivorous birds, or flying-
foxes, or both species, would benefit from rat control (Figure 4.4a). Two other pairs — the 
tropicbird and the goshawk, the gecko and the hawk-owl — showed the same type of pattern 
(Figure 4.4a). The rule involving the goshawk, white eye, island thrush and the feral chicken 
together also showed a similar pattern (Figure 4.4a). Longer rules can also be derived for the Forest 
web, which revealed more contingencies implying a negative effect of rat control. However, these 
rules were less robust to structural variation (Figure 4.A.5 in Appendix 4.4.4). 
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In the Town network, complementary rules existed for the effect of rat control upon the hawk owl 
contingent upon the effect of cat control upon the species (Figure 4.4b). This result was robust to 
both structural variation and the sign of the effect of rat control upon cats. 
Scenario 2: Positive effect of cat control on rats, positive effect of rat control on cats 
For both the Forest and the Town network, if rat control had a positive effect upon the cats, we 
found symmetric rules where the positive effects of cat control on certain species implied negative 
effects of rat control on the same species, and negative effects of cat control on those same species 
implied positive effects of rat control (Figure 4.5a and b). In the situation where rat control had a 
positive effect on cats, for the Forest network, the only rule of up to length six (and also seven) 
involved the response of Brown Boobies to cat control as a central contingency (Figure 4.5a). For 
example, there is a rule Cat_-Goshawks ∧ Cat_-Tropicbirds (W) ∧ Cat_+Brown Boobies → Rat_ 
+Goshawks ∨ Rat_+Tropicbirds (W) ∨ Rat_-Brown Boobies. These opposite responses of species 
to cat control and rat control indicated that under this scenario sizeable uncertainty exists. 
Depending on the species’ response to cat control (positive or negative), rat control had the 
potential to reduce the positive effects or ameliorate the negative effects of cat control, respectively. 
In the Town network, as discussed above, robust complementary rules existed for the effect of rat 
control upon the hawk-owl contingent upon the effect of cat control upon the same species (Figure 
4.5b, Figure 4.A.6 in Appendix 4.4.5). 
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Figure 4.4 Response rules when cat control has a positive effect on rats and rat control has a negative effect on cats for (a) the Forest network (rules up 
to length five); and (b) the Town network, all web variations (rules up to length nine). The ‘True’ node indicates the condition (i.e. the scenario 
‘positive effect of cat control on rats, negative effect of rat control on cats’) on every implication. Specifically, the direct links from the ‘True’ node 
indicate that for these implication rules the ‘True’ node is the only condition to lead to the consequences. The grey shade of a node indicates a negative 
effect from cat/rat control while an unshaded node indicates a positive effect from cat/rat control.  
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Figure 4.5 Response rules when cat control has a positive effect on rats and rat control has a 
positive effect on cats for (a) the Forest network (rules up to length seven); and (b) the Town 
network (rules up to length five). The scenario ‘positive effect of cat control on rats, positive effect 
of rat control on cats’ is the condition for every implication. The grey shade of a node indicates a 
negative effect from cat/rat control while an unshaded node indicates a positive effect from cat/rat 
control. 
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Discussion 
We have developed a novel approach to qualitative modelling, which uses Boolean analysis to 
summarise the predicted outcomes of invasive species control in ecosystem models. In contrast to 
previous methods (i.e. Raymond et al. (2011), Melbourne-Thomas et al. (2012)), Boolean analysis 
produces deterministic and qualitative rather than probabilistic predictions. We have demonstrated 
this approach by applying it to the proposed programme of eradication of the feral cat on Christmas 
Island, and to the question of whether or not the programme should be supplemented by rat control. 
A Boolean analysis revealed that cat eradication without rat control is a risk prone strategy, but that 
the addition of rat control is expected to ameliorate at least some of the potential negative impacts 
of cat control alone. 
A comparison between methods 
Existing qualitative modelling methods (i.e. Raymond et al. (2011), Melbourne-Thomas et al. 
(2012)) interpret the probabilities of outcomes occurring in a model ensemble as predictive of their 
probability of occurring in the real system. However the outcome probabilities are dependent upon 
the distribution of interaction-strengths used to generate the ensemble (Kirk et al. 2015). Interaction 
strengths are typically taken as uniform distributions upon the non-zero elements of the community 
matrix, representing a non-informative prior (Melbourne-Thomas et al. 2012). In contrast, the 
Boolean analysis method uncovers species-response rules that always occur in the models, 
regardless of the strengths of interactions between species. Therefore these predictions are 
independent of any assumptions about the interaction-strength distribution, about the appropriate 
choice of a prior, and avoids the philosophical difficulties that choosing an objective prior presents 
(Norton 2008). 
Using Boolean analysis to identify the interrelationships between species' responses has three 
advantages over probabilistic analysis. First, it can reveal meaningful associations between species 
responses that cannot be discerned from probabilistic methods alone. For example, in the Christmas 
Island model only four species out of the total nine had a positive/negative response to cat control in 
more than 75% of the models generated, suggesting highly uncertain outcomes. However the 
Boolean analysis nevertheless revealed that deterministic rules governed the species responses. 
Second, species' response relationships could be useful for monitoring to inform adaptive 
management. For example, if cat control is implemented alone, an obvious choice would be to 
monitor for an increase in rat population size. Third, species response rules may add to our 
understanding of the system by comparing the species that tend to respond together with the 
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structure of the web. For example, the Boolean analysis revealed species that occurred in the same 
rule often shared a resource. However which species displayed this tendency could not be predicted 
from examining the original network structure alone, and this is typical of dynamical systems, 
where complex feedback relationships make it difficult intuit how the system will respond. 
Implication rules 
The rule involving goshawks, white-eyes, thrushes and feral chickens that were connected by the 
logical disjunction ‘or’ showed a special case. It was noticeable that one of the implications of this 
rule was that only feral chickens had a positive response while other native species (goshawks, 
white-eyes, thrushes) responded negatively. In this case, there was a potential risk that none of the 
native species in this rule would benefit from rat control. However, the positive responses of the 
goshawk have been suggested by another short rule involving the White-tailed Tropicbirds. This 
rule reduced the uncertainty of the positive response of the goshawk. These findings suggested that 
there were larger uncertainties about the positive response of the white-eye and the thrush. In 
comparison, the simple rules involving brown boobies responding to rat control showed little 
uncertainty. 
When making inferences and interpreting the rules, there were several important points to consider. 
First, there were multiple possible interpretations of one rule involving several species connected by 
the logical disjunction. Second, most inference from the rules cannot distinguish between true 
ecological interactions and other non-random processes due to the rule length restrictions. Most 
importantly, since we used a qualitative approach, species responses were predicted as ‘positive’ or 
‘negative’ without specifying the magnitude of the change and, therefore, the rules and the rule-
based inference were also qualitative. While this approach limits our ability to distinguish the 
magnitude of changes in species populations, in reality, well-defined ecological understanding for 
parameterizing networks is rare and in most cases a description of the connections between species 
maybe the best we can achieve. Christmas Island is no exception with a significant knowledge gap 
existing in our understanding of the ecosystem. We have shown that this approach can still provide 
relatively robust implications for such a complex ecosystem, even with limited understanding. 
The implication rules can provide insights into monitoring after control and, in turn, the information 
gained from monitoring can help to deduce other likely outcomes from implication rules. The idea 
of monitoring can be useful if there is a plan to implement cat control alone. The outcomes of this 
action can then be monitored before deciding whether or not to supplement it with rat control. For 
instance, the rules involving hawk-owls in the Town network suggest that if we observe that cat 
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control leads to an increase of the hawk-owl population, then rat control effort should be carefully 
applied as it is likely to have negative impacts. Vice versa, if the hawk-owl population is seen to 
decrease, then additional rat control is likely to lead to a positive effect to ameliorate the negative 
impacts of cat control. 
However, when applying the rules to assist monitoring there are several limitations. First, most 
rules are scenario-dependent, which makes it difficult to provide robust, universal suggestions from 
a practical perspective. Second, the implication rules are qualitative without specifying the 
magnitude of species’ responses, which means that the population changes indicated by the rules 
may or may not be detected in reality. Further, the sensitivity of detection techniques can also 
hinder monitoring outcomes. In addition, when the strategy is controlling cats and rats together, in a 
real-world situation the detected changes would be the combined effects of cat and rat control. In 
such a case, which controls (cat control, or rat control, or both controls) contribute to the observable 
positive/negative effect would be unknown. Thus, the implication rules have limited power for 
informing monitoring practices. 
Beyond the model: integrating model outcomes with ecological characteristics 
It is considered likely that rat control would have a negative effect on cats. In this scenario rat 
control can have a mitigating effect reducing the potential negative impacts of cat control and 
subsequent positive changes in rats. Simultaneous management is often suggested for ecosystems 
where both invasive top predators and meso-predators are present, considering the potential risk of 
meso-predator release effects. However, the meso-predator release effects are identified mostly by 
theoretical studies and there are only a few field-based studies testing and providing empirical 
evidence for the theory (Rayner et al. 2007, Bergstrom et al. 2009). Field research has found that 
the behavioral ecology, life span, and age structure of a species will largely affect its response to cat 
and rat predation (Caut et al. 2009, Ringler et al. 2015). Some seabird species have long life spans 
and low productive rates, which are sensitive to cat predation on adults but less sensitive to rat 
predation on eggs and chicks. Thus, the negative effects of the increased meso-predator population 
are likely to be compensated for by the positive outcomes of top-predator control. In particular, 
when rat control efforts are prioritized, species with small populations and whose populations are 
more sensitive to rat predation (e.g. in contrast to some seabird species that are less sensitive to rat 
predation on eggs and chicks) should be prioritized with rat control efforts. On the other hand, as 
stated above all interpretations are qualitative, and these predictions do not necessarily imply a 
strong or detectable population shift. Under the most likely scenario, the extent of the ameliorating 
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effects of rat control is unknown, which may either largely compensate for the potential perverse 
outcomes of cat control or have small contributions that are not sufficient to lead to a population 
shift. 
Prediction of the magnitude of population shifts following control is difficult since the strength of 
the interactions for most of the native species on the island with cats is largely unknown. A few 
studies have been done to look at potential interactions between Red-tailed Tropicbirds and cats. 
These studies showed almost complete chick mortality due to cat predation but a dramatic increase 
in nestling success after cat control (Algar et al. 2011, Algar et al. 2014, Sommerfeld et al. 2015). 
This information provided support for our implication rules which suggested that tropicbirds were 
very likely to benefit from cat control. However, such studies are still rare for most of the species on 
Christmas Island and there is little empirical evidence to provide support for the inferences of our 
implication rules. Furthermore, interactions strengths are not static. The ability of species to adapt 
their diet when faced with changes in food availability will also strongly affect the species 
performance during management. For example, Christmas Island Goshawks prey on a variety of 
species including white-eyes, frugivorous birds, tropicbirds, reptiles, rats, feral chickens and 
invertebrates (Algar et al. 2011). There is a concern that rat suppression may have negative effect 
on goshawks, however, to what extent is uncertain given rats may only make up a small component 
of their total prey consumption, and/or the goshawk may possess good adaptability and flexibility in 
cope with the change of food availability. 
When informing decision-making, the implications of the rules need to be incorporated with the 
population status of species of conservation concern. For example, given the small population of the 
goshawk, the tolerance level of a negative response of the goshawk may be lower than for species 
with large populations. We found that under the most likely scenario where there was a positive 
effect of cat control on rats, and a negative effect of rat control on cats, the implication rule about 
white-eyes or thrushes showing a positive response to rat control were less robust than the rules 
involving other native species. On the other hand, the Christmas Island Thrush and the Christmas 
Island White-eye are considered still to be abundant in the field, with the populations estimated to 
be up to 15,000 and 20,000 breeding birds, respectively (Beeton et al. 2010). Therefore, when 
combining both field information and our model predictions, it is possible to conclude that these 
species are able to persist in the current situation or that their populations change could be minor to 
be monitored. 
In addition, it needs to be kept in mind that given the presence of other threats, the species may not 
show the preferred population shift even with cat and rat control. The Christmas Island Flying-fox 
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and the Christmas Island Giant Gecko are the typical examples. Predation by cats on flying-foxes 
and giant geckos has been recorded (Beeton et al. 2010, Algar et al. 2011). However, besides cat 
predation, there are many other explanations for the decline of these species such as habitat 
degradation, pollution, and disease (Beeton et al. 2010, Martin et al. 2012b). The geckos may also 
suffer from predation by other invasive species such as the Asian wolf snake and the giant centipede 
(Threatened Species Scientific Committee 2014b).It remains unclear which threats are the leading 
ones, therefore, other management actions may be need to protect these species. 
Conclusion 
Island ecosystems are often poorly understood, and there are large uncertainties in predicting the 
responses of target invasive species and the systems we aim to protect to management intervention. 
Our study has shown that relatively robust conclusions can be derived to inform management 
actions by combining qualitative analyses and Boolean minimization, without having detailed 
information on species and their interactions. The implication rules suggest that cat eradication 
without rat control is a risk prone management strategy and that the addition of rat control may 
reduce this risk. Given limited resources for rat control activities it may be prudent to implement an 
island-wide prioritization of rat control efforts in habitats of native species of high concern and 
value on the island to minimize the potential negative impacts of the cat eradication program. 
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Chapter 5 
A structured framework to facilitate decision-making in 
management of non-native species in Antarctica 
Introduction 
Antarctica, regarded as the Earth's last pristine continent, is facing substantial environmental threats 
due to climate change and anthropogenic influences (Tin et al. 2009, Chown et al. 2012b, Bennett et 
al. 2015). Non-native invasive species are recognised as one of the major threats to Antarctica, as 
they may cause declines in native species populations and change native ecosystem structure and 
functioning (Ehrenfeld 2003, Gurevitch and Padilla 2004, Didham et al. 2005, Thatje and Aronson 
2009). The Antarctic Treaty System attempts to prevent the introduction of non-native species to 
ensure the protection of Antarctic ecosystems and biodiversity, however, several non-native species 
are already established in Antarctica (Olech 1996, Frenot et al. 2005, Hughes and Worland 2010). 
Given the rapid increases in human activities and accelerating climate change, non-native species 
incursions are likely to increase and those which are already established could potentially expand in 
range (Chown et al. 2012a). The invasion risk is particularly high in the Western Antarctic 
Peninsula, where the rate of warming is more than four times faster than the global average and the 
rate of human visitation is highest (Casper 2010, Chown et al. 2012a). Given the substantial damage 
to native ecosystems associated with invasive species of the sub-Antarctic islands (Frenot et al. 
2005), the Antarctic Treaty acknowledges the importance of the threats from non-native species and 
calls for management actions on existing non-native species introduced to Antarctica to prevent 
further impacts. 
The Protocol on Environmental Protection to the Antarctic Treaty provides legislation relating to 
non-native species issues (Antarctic Treaty Consultative Parties (ATCP) 1991). Annex II 
(Conservation of fauna and flora), Article 4 [4] of the Protocol states that “any other plant or animal 
introduced into the Antarctic Treaty area not native to that area, including any progeny, shall be 
removed or disposed of, by incineration or by equally effective means, so as to be rendered sterile, 
unless it is determined that they pose no risk to native flora or fauna”. The Committee for 
Environmental Protection (CEP), responsible for advising Antarctic Treaty Parties on conservation 
measures and implementation, has produced non-mandatory guidelines to address the issue of non-
native species (Committee for Environmental Protection 2011). The CEP Non-native Species 
Manual (Committee for Environmental Protection 2011) emphasizes the need to prevent new 
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introductions of non-native species to Antarctica and highlights the importance of quick responses 
to introductions and the necessity of assessing the “feasibility and desirability of eradicating non-
native species”. Rapid response is important given that in the early stages of a colonisation event, 
eradication of small populations is more achievable and the costs are much lower (Committee for 
Environmental Protection 2011, Hughes and Convey 2014). When eradication is not considered 
feasible or desirable, management actions should focus on control or containment to reduce the 
potential risks (Committee for Environmental Protection 2011). The Environmental Protocol does 
not provide a clear policy, nor does the CEP provide practical guidelines, regarding how to assess 
the feasibility and desirability of eradication and how to implement follow-up management. 
However, CEP has identified the development of a rapid response guideline with possible guidance 
on “practical eradication tools/means” as a further task (Committee for Environmental Protection 
2011). 
Although lacking formal guidance on eradicating non-native species, to date there have been several 
plant eradications undertaken in the Antarctic Peninsula region (McGeoch et al. 2015). All of these 
were in situations where there were only one or two individuals or a very small population, or a 
small patch, with no evidence of viable seedbanks (Hughes et al. 2015), thus the footprint of 
management was likely to have been minimal. However, eradication of non-native species with a 
relatively high distributional extent may lead to disturbance of native ecosystems. Due to the 
fragility, structure and biology of Antarctic ecosystems, typical strategies for invasive species 
management used elsewhere may cause substantial collateral damage to native Antarctic biota and 
habitats (Tin et al. 2009, Convey 2011). For instance, slow-growing native plant species with small 
populations can be very susceptible to standard management techniques such as mechanical 
removal (e.g. digging); while chemical control can potentially contaminate the entire habitat and 
stunt the growth of native species (Rinella et al. 2009). Physical disturbance such as vehicle wheel 
tracks, footpaths and ground equipment can all affect Antarctic lichen and moss and have long 
lasting effects (Campbell et al. 1998, O'Neill et al. 2012). Where management itself is likely to have 
negative direct and/or indirect effects on the ecosystem, decisions to manage non-native species are 
complicated by the Protocol which legislates for the protection of native species and habitats.  
Besides the conflicts between non-native species management and conservation, decision-making 
challenges also arise from predicting management consequences. Outcomes of management can be 
hard to estimate due to particularly limited understanding of Antarctic ecosystems, which hinders 
our ability to evaluate and select appropriate management actions from the options available. For 
Antarctica, not only do we have limited knowledge about how native systems will respond to 
73 
 
management, but in many instances we do not even know which species will be affected and what 
the broader distributions and population sizes of these species are. 
In developing guidelines as proposed by CEP to assess the feasibility and desirability of eradication 
and to devise practical tools for management, these challenges must be addressed. In this study, we 
demonstrated a structured framework to facilitate decision-making, bringing a step closer CEP’s 
vision to develop guidelines to deal with non-native species in Antarctica. The framework is based 
on a Structured Decision Making (SDM) process, which allows for systematic identification and 
evaluation of the management options available and enables better decisions to be made in complex 
situations (Gregory and Long 2009). By incorporating a set of decision-making tools into the SDM 
process, this framework can provide a defensible and transparent method to inform decision-
making. We used a case study of potential eradication of the non-native plant, Poa annua, on the 
Antarctic Peninsula to illustrate the utility and application of this decision framework in Antarctica. 
A structured framework – a case study of Poa annua  
Case study species 
Poa annua, was first found at Arctowski Station on King George Island in 1985/1986. This is the 
largest known patch of P. annua in Antarctica, although other small patches or individual plants 
have been recorded elsewhere. It is now spreading from the Arctowski station area and growing 
together with native plant species in the surrounding landscape and has also colonized rapidly 
deglaciating areas nearby (Olech 1996, Chwedorzewska 2008, Olech and Chwedorzewska 2011). 
There are potential risks associated with eradicating P. annua such as disturbing local ecosystems 
and precipitating local extirpation of native species with a low recovery potential. These risks are 
highly undesirable and contrary to the Protocol on Environmental Protection to the Antarctic Treaty 
(Hughes and Convey 2014). The areas where P. annua currently occurs within the Antarctic 
Peninsula coincide with those predicted to have the highest invasion risk (Chown et al. 2012a). It 
remains unclear, however, whether the non-native P. annua has become invasive according to the 
definition provided in the CEP Non-native Species Manual. Experimental research showed that P. 
annua could outcompete the only two flowering native plants in Antarctica, Deschampsia 
antarctica and Colobanthus quitensis. Therefore, it is quite likely that P. annua will have negative 
impacts on native species and ecosystems as its distribution expands (Molina-Montenegro et al. 
2012). Despite being present since the mid-1980s, and despite considerable research being 
undertaken (Olech 1996, Chwedorzewska 2008, Rodionov et al. 2010, Olech and Chwedorzewska 
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2011, Chwedorzewska and Bednarek 2012, Molina-Montenegro et al. 2012, Wodkiewicz et al. 
2013, Molina-Montenegro et al. 2014, Wódkiewicz et al. 2014), there have been no reports of any 
attempt to eradicate the species at the site. 
Framework overview 
As the essence of the framework, the SDM process breaks down a decision process into five key 
steps: (1) articulating management objectives and selection criteria, (2) identifying management 
alternatives, (3) estimating consequences, (4) evaluating trade-offs and selecting preferred 
alternatives, and (5) implementing, monitoring and learning (Gregory and Long 2009, Gregory et 
al. 2012a). The first two steps including identifying management objectives and alternatives were 
implemented through two elicitation workshops. We then developed a Bayesian Network (BN) 
model to estimate consequences of a subset of management alternatives that were identified in step 
two. This subset of management alternatives was assessed by evaluating trade-offs. The steps of 
estimating consequences and evaluating trade-offs in this study were illustrated rather than fully 
implemented given time and funding constraints. To inform decision-making through a formal 
SDM process, further efforts were required such as estimating the consequences of all management 
alternatives. The final step focused on learning. We carried out a sensitivity analysis of the 
Bayesian Networks, and identified and discussed future research and available methods/tools. 
Figure 5.1 shows the structured framework and summarises what we have achieved for each step. 
Objectives and evaluation criteria 
In 2014, we initiated and held two workshops (‘eradication’ workshops) with eight stakeholders and 
experts in non-native species management and terrestrial ecology in Antarctica to identify 
objectives and management alternatives. The eight stakeholders and experts were: four university 
research academics, two senior scientists employed by government-funded research facilities, an 
Antarctic environmental policy government employee and a government-employed environmental 
officer. The eight were familiar with working in the Australian, Chilean, United Kingdom and 
South African national Antarctic programs and their associated environmental management. Six had 
previously been involved with eradication of non-native species in the terrestrial Antarctic region. 
An explicit statement of objectives is important for SDM. Based on the Antarctic Treaty System, 
which governs environmental protection of Antarctica, experts and stakeholders identified three 
objectives for eradicating non-native species (including P. annua) in Antarctica: (1) to protect the 
intrinsic natural values of Antarctica, (2) to protect the scientific values of Antarctica, and (3) to 
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protect the wildness and aesthetic values of Antarctica. Evaluation criteria, also called performance 
measures, are used to evaluate the success of different alternatives in meeting each of the 
objectives. Experts identified a range of potential criteria through measurable attributes. For 
instance, one measurable attribute for the objective ‘protect intrinsic natural values’ was ‘species 
diversity’, and the evaluation criteria was ‘accepted maximum extent of species loss’ (Figure 5.2). 
 
Figure 5.1 Outline of the structured framework. The inner circle outlines the key steps of 
Structured Decision Making process. The outer circle outlines the tools and methods used for each 
step and indicates what has been achieved for each step in this study. 
Due to a severe lack of information (see Chown et al. (2012b), Terauds et al. (2012a)), the experts 
found it challenging to assign measurable values for certain criteria such as nutrient fluxes and 
decomposition rates for ecological processes (dashed line boxes in Figure 5.2). Therefore, we only 
used two criteria for further evaluation in our BN model: accepted maximum extent of species loss 
and extent and density of P. annua (Figure 5.2). Units of measurement for each criterion were 
developed with the BN model (see section Estimation of consequences – a Bayesian Network 
approach). 
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Figure 5.2 Objectives, measurable attributes and evaluation criteria for eradication of P. annua in 
the Antarctic Peninsula. Dashed lines and dashed line boxes indicate evaluation criteria that were 
discussed but not used in this study because of the difficulties of assigning measurable values at the 
current time. These criteria can be applied when there is more information available which allows 
measurable values to be assigned. 
Management alternatives 
Experts identified a range of management alternatives (Table 5.1), from which we selected five for 
illustration in the BN model evaluation including (1) do nothing, (2) herbicide, (3) herbicide with 
digging, (4) bulldozing, and (5) steaming. For formal decision-making, all alternatives need to be 
evaluated with the BN model once parameterized, as required by the SDM process. 
Estimation of consequences – a Bayesian Network approach 
Estimating the consequences of management requires a holistic view to assess the responses of both 
target non-native species and native species and ecosystems to management actions, for which the 
BN is a useful predictive tool. BNs are used increasingly in ecology and conservation to support 
decision making, such as natural resource management, projecting species distribution and status, 
and selecting suitable sites for translocation (Amstrup et al. 2008, Laws and Kesler 2012, Martin et 
al. 2015). BNs are probabilistic graphical models, representing cause and effect relationships 
between a set of variables (Marcot et al. 2001, McCann et al. 2006). In this case, BNs are used to 
describe how we think non-native species affect native biota and habitats, and how management 
alternatives influence the target non-native species, as well as the native biota. The major advantage 
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of BNs is their ability to explicitly represent uncertainties, and encapsulate expert knowledge and 
empirical data in one model (Cain 2001, Marcot et al. 2001, Marcot et al. 2006b). 
Table 5.1 Potential management alternatives for eradication of P. annua in the Antarctic Peninsula. 
‘*’ indicates alternatives that were selected for estimation of consequences using the BN model. 
 Management alternatives Description  
* Do nothing No management action 
* Herbicide Applying herbicide directly to above ground plants 
 Digging Digging up the plants 
* Herbicide with digging  Digging up the plants and applying herbicide 
* Bulldozing Using bulldozers to remove the aboveground plants and 
shallow surrounding soil, thereby removing seedbank 
* Steaming  Using steam machine or hot water to scald aboveground 
plants 
 Shading/solar blanket Installation of solar blanket to block light, limiting 
photosynthesis and consequently kill plants 
 Burning Using fire to suppress target plants 
 Rehabilitation  A series of rehabilitation methods such as manipulating 
nutrients, restoration plantings etc. 
 Biological control  Releasing biological control agents 
BN model overview 
The BN model was constructed based on the information elicited from experts – two evaluation 
criteria (accepted maximum extent of species loss and extent and density of P. annua) and five 
management alternatives (do nothing, herbicide, herbicide with digging, bulldozing, and steaming). 
The reason that we selected and assessed only a subset of management alternatives is that we had to 
control the number of questions for the expert to answer in the process of model parameterisation, 
as both time and resources were limited for this work. 
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An initial BN was developed based on the information obtained from the eradication workshops, 
followed by an iterative process of revising the initial BN including adjusting network structure (i.e. 
nodes and links) and defining the states of each node during a workshop (the ‘BN’ workshop) with 
four experts specialised in ecology and non-native species biology and management. After reaching 
a consensus of BN structure and the states for nodes, the BN was parameterized by assigning 
conditional probabilities (which define probabilistic dependencies between nodes) and values for 
input nodes by one expert through a series of email elicitations. We developed the BN model using 
the Netica 5.15 (Norsys Software Corp. 2014). 
To date P. annua has been recorded at several sites in the Antarctic Peninsula (Molina-Montenegro 
et al. 2014). The density and extent of P. annua populations varies across these sites. In this study 
we used eradication of the P. annua population around Arctowski Station (the largest population) as 
an example, to assess the effects of management alternatives. Thus, the values of input nodes were 
estimated for the P. annua population around Arctowski Station. This BN model is applicable to all 
other P. annua populations if the values of input nodes for each specific population are assigned. 
Model construction and parameterisation 
In a BN model, if node A has links going to node B (i.e. node A has an influence on node B), node 
A is called a parent node of node B and node B is called a child node of node A. Each child node 
has a conditional probability table (CPT) (e.g. Table 5.A.2 – 6 in Appendix 5.1), which describes 
the probability that a node will be in a certain state given the states of the child node’s parent nodes. 
In general, our BN model consisted of three types of nodes: input nodes, intermediate nodes, and 
output nodes. Input nodes were parentless nodes, and intermediate nodes and output nodes were 
conditional upon their parent nodes. Input nodes consisted of the initial state of P. annua (density 
and extent), the natural habitat occupied by P. annua and therefore the area to be managed, and a 
selection of management alternatives (Table 5.2, Figure 5.3). The only intermediate node in this 
model summarised the habitat recovery potential after P. annua colonisation and P. annua 
management (Table 5.2, Figure 5.3). The output nodes represented management consequences, 
which were expressed as the status of P. annua after management, and the combined effects of P. 
annua colonisation and P. annua management on three native groups within the ecosystems (plants, 
invertebrates and microbes), corresponding to the evaluation criteria (Table 5.2, Figure 5.3). 
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Figure 5.3 The Bayesian Network model for predicting management consequences including P. 
annua status after management (node ‘Poa management outcome’) and the responses of native taxa 
(‘loss of native plants’, ‘loss of microbes’ and ‘loss of invertebrates’) for the P. annua population 
around Arctowski station under five management alternatives. Shown here is the model set to 
calculate outcome probabilities for the ‘do nothing’ management alternative. 
The input node ‘management’ contained the five management alternatives. Input nodes including 
‘Poa coverage’, ‘Poa extent’, and ‘natural habitat to be managed’ were parameterized for the P. 
annua population around Arctowski Station (Table 5.A.1 in Appendix 5.1). ‘Poa coverage’ and 
‘Poa extent’ together described the initial state of the P. annua population before taking any 
management actions. At Arctowski station P. annua initially colonised human disturbed areas, 
where management was likely to have little impact on native species and natural habitat within 
those areas (Olech 1996, Chwedorzewska and Bednarek 2012). However, this population has 
already expanded into adjacent natural habitat as mentioned during the eradication workshop. Thus, 
management of P. annua may potentially negatively affect native species and habitat. In such 
situations, the area of natural habitat with P. annua colonisation that required management was 
expressed as ‘natural habitat to be managed’. 
The intermediate node ‘habitat recovery potential’ described the potential for habitat to recover 
towards good habitat quality following management; i.e. the potential for native plant re-
colonisation, supporting healthy microbial populations, higher nutrient turnover rates, and the return 
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of ecosystem processes (Table 5.2). The ‘Poa coverage’ and a particular ‘management alternative’ 
determined management intensity, which consequently determined the degree of disturbance on the 
habitat. On the other hand, the ‘Poa management outcome’ (colonisation status of P. annua after 
management) reflected the habitat suitability for other native taxa to re-colonise. Thus, ‘Poa 
coverage’ ‘management alternatives’ and ‘Poa management outcome’ together determined the 
‘habitat recovery potential’ (Table 5.2, Figure 5.3). 
The output nodes reflected management consequences on the target species and native taxa, 
corresponding to the evaluation criteria. ‘Poa management outcome’ indicated future status of P. 
annua, which was determined by ‘Poa coverage’, ‘Poa extent’ and ‘management alternatives’ 
(Table 5.2, Figure 5.3). This node took both existing population and potential viable seedbank into 
account. The future P. annua state after management was defined as when its population attained a 
new stability point rather than an immediate/transient status. For instance, after herbicide 
application, the visible population may have been extirpated, yet there could still be a large viable 
seedbank, leading to recolonization of P. annua and subsequently a large stable population. 
Output nodes including ‘loss of native plant’, ‘loss of invertebrates’ and ‘loss of microbes’ 
indicated the extent to what the native taxa were affected, determined by three parent nodes 
including ‘natural habitat to be managed’, ‘habitat recovery potential’ and ‘management’ (Table 
5.2, Figure 5.3). ‘Natural habitat to be managed’ indicated the extent to which native taxa were 
affected. ‘Habitat recovery potential’ determined the recolonization potential of native taxa. 
‘Management alternatives’ indicated the direct effects of a particular management alternative on 
native taxa (e.g. direct mortality of native species caused by herbicide). We used the same criteria to 
determine whether the loss of native plants/ invertebrates was acceptable (Table 5.2), thus the 
outcomes of these two nodes were exactly the same. Experts found it was difficult to define to what 
extent the loss of microbes was ‘acceptable’ given the lack of information for these taxa in 
Antarctica (see Cowan et al. (2011)). Therefore, in the current BN model, we determined that any 
loss of microbes would be acceptable (Table 5.2). Although we kept this ‘loss of microbes’ in 
model construction, the analysis of outcomes did not consider this node since for all management 
alternatives the outcomes of this node would be always ‘acceptable’. 
Conditional probability tables of intermediate and output nodes were developed through ‘elicited 
probability tables’ (EPTs) elicited from an expert (Cain 2001). EPTs are designed to reduce the 
number of probabilities elicited from experts, and full CPTs are calculated from corresponding 
EPTs. We followed the instructions as described by Cain (2001) to construct EPTs and to complete 
CPTs. In the process of eliciting information for input nodes and EPTs, we used a 3-point question 
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format to ask the expert to give lowest guess, highest guess and best guess for each probability 
(Speirs-Bridge et al. 2010). For each probability, the values of the best guesses were entered in the 
corresponding EPTs. The estimates of input nodes and the CPTs are provided in Table 5.A.1 – 6 in 
Appendix 5.1. 
Model validation 
Informal tests of model behaviour were performed during the model construction process (Amstrup 
et al. 2008). By applying different scenarios (i.e. different combinations of inputs) for parts or the 
whole model, we examined whether the probabilities of the intermediate nodes or output nodes 
were realistic. If unrealistic, one should consider to adjust CPTs or refine the nodes and states 
(Marcot 2001). 
Our model was also evaluated using sensitivity analysis to identify the degree and rank of influence 
of input variables on each output variable in the model (Marcot et al. 2006b, Marcot 2012). 
Sensitivity analysis is a useful tool for verifying model structure and parameterisation in the model 
construction process (Marcot et al. 2006a, Kjærulff and Madsen 2013b); and those influential 
variables also indicate priority risks or identify knowledge gaps, providing guidance for further 
learning process such as expert elicitation and data collection (Pollino et al. 2007). 
We calculated the sensitivity of each management outcome to the four input nodes using entropy 
reduction in the modelling shell Netica® (see Marcot (2012) for method and equation). Entropy 
reduction calculated the degree to which the input conditions (e.g. ‘management alternatives’, ‘Poa 
coverage’ and ‘Poa extent’) influenced the ‘Poa management outcome’. A higher value indicated a 
higher sensitivity of ‘Poa management outcome’ to the corresponding input condition. In the 
sensitivity analysis of this BN model, the prior probabilities of all input nodes were set to a uniform 
distribution (Marcot et al. 2001), which reflected the inherent conditional probability structure of 
the model rather than measuring sensitivity of output nodes to particular input conditions (Jay et al. 
2011). 
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Table 5.2 Definition of nodes and states used in the Bayesian Network model of P. annua 
management. 
Node Description States 
Management Potential management 
options.  
Do nothing 
Herbicide 
Herbicide and digging 
Bulldozing 
Steaming 
Poa coverage The percentage of the 
area occupied by P. 
annua per square meter, 
reflecting the density of 
P. annua 
Low – low coverage (< 20%) 
Medium – moderate coverage (20% – 50%) 
High – high coverage (>50%) 
Poa extent The extent of P. annua  Low – extent of P. annua at low level (< 10 
m2) 
Medium – extent of P. annua at moderate 
level (10 m2 – 100 m2) 
High – extent of P. annua at high level (> 100 
m2) 
Natural habitat to be 
managed 
Total area of natural 
habitat that is occupied 
by P. annua and is 
subjected to management 
Low – low level of total area of natural 
habitat being managed (< 50 m2)  
Medium – moderate level of total area of 
natural habitat being managed (50 m2 – 100 
m2) 
High – high level of total area of natural 
habitat being managed (> 100 m2) 
Habitat recovery 
potential  
The potential of habitat 
to recover towards good 
habitat quality 
Poor – low potential to recover from 
management disturbance 
High – high potential to recover from 
management disturbance 
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Table 5.2 continued 
Node Description States 
Poa management 
outcome 
Future status of P. annua 
after management 
No – No presence of P. annua 
Low – presences of P. annua with low 
coverage (< 20%) within low extent (< 10 m2) 
High – presence of P. annua with higher 
coverage (>20%) within any extent, or any 
coverage level higher than 20% within 10 m2 
Loss of native plants The extent of loss of 
native plant species  
Acceptable – permanent loss within an area 
less than 50 m2, or transitory loss within any 
extent where the plants are likely to recover in 
the near future 
Unacceptable: permanent loss within an area 
over 50 m2  
Loss of invertebrates The extent of loss of 
native invertebrates 
Acceptable –– permanent loss within an area 
less than 50 m2, or transitory loss within any 
extent where the invertebrates are likely to 
recover in the near future 
Unacceptable – permanent loss within an area 
over 50 m2 
Loss of microbes The extent of loss of 
native microbes 
Acceptable – all acceptable 
Unacceptable 
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BN model outcomes 
The utility of the BN model was illustrated by running the BN to estimate the consequences of the 
subset of management alternatives. Estimation of consequences for all alternatives is required for 
the formal decision-making. 
If there was no management intervention for P. annua, the probability of P. annua being present 
(‘Poa management outcome’) was high (81%) and the probability of P. annua presence was the 
highest for the ‘do nothing’ management out of the five alternatives (Figure 5.4a). The option of no 
management also yielded the second highest probabilities of unacceptable ‘loss of native plants’ 
and ‘loss of invertebrates’ (39%) (Figure 5.4b). 
Although ‘bulldozing’ had the lowest probability of there being a high presence of P.annua and the 
highest probability of no presence of P. annua (Figure 5.4a), this management alternative resulted 
in the highest probabilities of unacceptable loss of native plants and invertebrates (77%) (Figure 
5.4b), a significant trade-off. 
‘Herbicide with digging’ had the second lowest probability of high P. annua presence (19%) and 
the second highest probability of no presence of P. annua (47%) (Figure 5.4a), and also led to the 
lowest probabilities of unacceptable loss of native plants and invertebrates (31%) (Figure 5.4b). 
Management alternatives ‘herbicide’, and ‘steaming’ led to similar low levels of probability for no 
presence of P. annua (18% for herbicide and 20% for steaming) (Figure 5.4a), and similar high levels 
of unacceptable loss of native plants and invertebrates (40% for herbicide and 38% for steaming) 
(Figure 5.4b). 
Model sensitivity 
The outcomes of sensitivity analysis suggested that ‘Poa management outcome’ was most sensitive 
to the management alternatives, followed by the extent of P. annua and the percentage of coverage 
of P. annua (Table 5.3). This result coincided with our expectation that effectiveness of 
management alternatives strongly influenced the status of P. annua after management. The extent 
of P. annua (‘Poa extent’) was the second most important factor as, given a greater extent of P. 
annua, there was a lower chance for successfully reducing its population. 
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Figure 5.4 Probabilities of (a) high, low and no presence of P. annua as a result of alternative 
management actions for the ‘Poa management outcome’, and (b) unacceptable and acceptable ‘loss 
of native plants’/ ‘loss of invertebrates’ for five management alternatives. 
The native taxa outcomes (‘loss of native plants’/ ‘loss of invertebrates’) were most sensitive to the 
area of natural habitat, followed by management alternatives, while ‘Poa coverage’ and ‘Poa 
extent’ had very limited influences (Table 5.3). This is understandable as the native species were 
only present in natural habitats. ‘Management alternatives’ was the second most important variable 
influencing the state of native taxa following management, given different management alternatives 
had different intensities and impacts on native species. ‘Poa coverage’ and ‘Poa extent’ were two 
general measurements for P. annua status for both natural and artificial habitat (e.g. stations), and 
were therefore less influential. These findings verified the structure and parameterisation of our BN 
model. 
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Table 5.3 Sensitivity analysis of BN model. Entropy reduction indicated the degree to which the ‘Poa 
management outcomes’ or ‘loss of native plants’/ ‘loss of invertebrates’ was sensitive to each input 
nodes of the model, listed in decreasing order. 
Poa management outcome  Loss of native plants/ Loss of invertebrates 
Node name Entropy 
reduction 
 Node name Entropy 
reduction 
Management alternatives 0.17300 
 
Natural habitat to be managed 0.29500 
Poa extent (m2) 0.03290 
 
Management alternatives 0.03200 
Poa coverage (%) 0.00569 
 
Poa coverage (%) 0.00047 
Natural habitat to be managed 0 
 
Poa extent (m2) 0.00045 
Evaluation of trade-offs 
Evaluating BN outcomes 
The BN provided a useful tool for estimation of consequences, and these outcomes can be further 
evaluated to determine the feasibility and desirability of potential management options. Here, we 
examined the subset management options for P. annua. 
Currently there is no formal management project for P. annua around Arctowski station on the 
Antarctic Peninsula. Our models showed that the ‘do nothing’ approach resulted in the overall worst 
outcome in comparison with all other management options we considered, with a high probability 
of greater population level of P. annua and a relatively high risk of species loss. Given the Antarctic 
Treaty System calls for removing any non-native species introduced to Antarctica to protect native 
biota and habitat, if control and/or eradication attempts of P. annua are absent, P. annua is likely to 
pose higher impacts on native ecosystems in the future, which highlights the importance of 
undertaking P. annua management. 
‘Herbicide with digging’ yield the best overall outcome among the five alternatives, as it had the 
least impact and was the second most effective following ‘bulldozing’. ‘Bulldozing’ yielded the 
best outcome for P. annua management. However, this management action was destructive to 
native habitats, causing high disturbances to biotic and abiotic processes, which led to an extremely 
high probability of unacceptable species loss. Therefore, if the area of natural habitat to be managed 
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is high, bulldozing is not a desirable option for P. annua management given the high level of 
collateral damage on native species. ‘Herbicide’ application alone was less favourable than the 
combined approach (‘herbicide with digging’) as localised digging can be effective to extirpate root 
systems and seed bank. We originally considered ‘steaming’ was likely to be a superior 
management option as it would cause the least collateral damage to native habitat and species. 
However, when the extent of P. annua is relatively large, this management option can be very time 
consuming and resource-heavy, and less effective at eradicating all above ground individuals and 
the seed banks in the area. Therefore, the higher potential of presence of P. annua might still 
present higher negative impacts on native species. 
As emphasized in the Framework overview, both the estimation of consequences and evaluation of 
trade-offs were illustrated by assessing the subset of potential management alternatives to show the 
utility of BNs in this structured framework. A formal decision-making process for providing 
management suggestions requires further refinement of the BN model and a thorough evaluation of 
all management alternatives. 
Further research - multi-criteria decision analysis 
In our BN model, there were only three evaluation criteria in use (of which two criteria have 
measurements and outcomes) and the consequences of the management alternatives varied 
significantly. Therefore, evaluating trade-offs and making management choices in this study is 
relatively simple. However, when more criteria come into use, evaluating trade-offs with multiple 
conflicting criteria cannot be done easily, in which case MCDA analysis can be performed to 
facilitate decision analysis (Kiker et al. 2005, Sheppard and Meitner 2005). The core concept of 
MCDA is to assign weights to evaluation criteria, reflecting expectations of the relative importance 
of the criteria (Mateo 2012). Predicted outcomes of the evaluation criteria with weights allowing for 
scoring and ranking management alternatives and the alternatives with the highest ranks will be 
suggested as solutions (Mateo 2012). 
Learning and monitoring 
Decision-making for non-native species management can be challenging in Antarctica given the 
limited knowledge of the ecosystems and great uncertainties about the outcomes. Gaining extra 
information can potentially reduce uncertainty and consequently improve the ability to provide 
informed decisions (Gregory et al. 2012c). However, the benefits of gaining information may not 
outweigh the costs (McDonald-Madden et al. 2010a). For Antarctica, it is often difficult and 
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requires substantial investment to undertake elaborate surveys for both the target non-native species 
and native biota due to logistical costs and accessibility (e.g. snow cover). Thus, it is necessary to 
determine which uncertainties are the most worth reducing in further learning and monitoring 
process to improve decision-making performance. 
Sensitivity analysis 
In this study, by identifying influential variables, a sensitivity analysis of the Bayesian Network can 
help to determine further focus of elicitation efforts during the model improvement process (Pollino 
et al. 2007, Gregory et al. 2012b). For example, we have identified that ‘management alternatives’ 
was the most important variable influencing management outcomes of P. annua and the second 
most important variable influencing the loss of native plants and invertebrates. This outcome 
implied that improving knowledge of control intensity and effectiveness of different management 
options was relatively important to decision-making. 
Further research —  Value-of-information analysis 
Value-of-information analysis is a standard approach to determine the worth of gaining additional 
information (Yokota and Thompson 2004, Yokomizo et al. 2014). Value of information analysis 
usually calculates the expected value of perfect information (EVPI), the expected value of partial 
perfect information (EVPPI), or the expected value of imperfect information (EVII) (also known as 
the expected value of sample information) (Yokomizo et al. 2014). As the most basic and central 
concept, EVPI measures the improvements in management performance if all uncertainties are 
resolved (Runge et al. 2011, Havlik and Jurickova 2015). EVPI can be used to indicate whether 
extra information should be gained, given that acquiring perfect information is worthless when it 
would not change a management decision (Yokomizo et al. 2014). The EVPPI enables analysis of 
uncertainties that are worth reducing and determines their relative importance (Yokota and 
Thompson 2004). In most cases, perfect information cannot be obtained, thus EVII is usually used 
to measure the increase in management performance derived from imperfect (sample) information 
(Yokomizo et al. 2014). Given time and resource constrains, value-of-information analysis enables 
decision-makers to prioritize learning and research activities for the improvement of future 
decisions (Moore and Runge 2012, Sanchirico et al. 2014). 
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Discussion 
With non-native species already established in Antarctica (Hughes et al. 2015) and the increasing 
risks of more introductions (Chown et al. 2012a) there is a pressing need for the development of 
guidelines to address non-native species management (Committee for Environmental Protection 
2011). We used P. annua management as an example to demonstrate that a structured framework, 
coupling a Structured Decision Making process with a suite of analytical decision tools, was able to 
provide support for decision-making, through a transparent and adaptive process. 
Within this structured framework, we have fully implemented the first two steps of the SDM 
process including defining objectives and developing alternatives for the P. annua case study. It is 
the first time that objectives and management alternatives have been explicitly proposed for the 
management of non-native species in Antarctica. Considering the resources constraints for 
management, cost is an important factor that can be incorporated as an objective for further 
evaluation of the cost-efficacy of management options (Kerr et al. 2016). Cost estimates can be hard 
to determine due to uncertainty, but differences of magnitude of costs between management options 
can be used to address this challenge. 
In the next step of estimating consequences, the utility of a Bayesian Network approach was 
illustrated by assessing outcomes of five selected management alternatives, although assessment of 
all potential management alternatives is required for a formal SDM process. The following two 
steps, evaluation of trade-offs and learning and monitoring, were partially illustrated. The analytical 
tools that can be used for these two steps were discussed, including multi-criteria decision analysis 
and value of information analysis. Besides implementing these new tools/methods, further 
development of our current approach such as improving predictive power of the BN model are also 
required. 
Improvement of the BN model 
Estimating consequences is an important step in SDM since it reflects how different management 
alternatives achieve the objectives, and provides support for evaluating trade-offs and management 
implications. Estimating consequences, however, is the most challenging step in our study since 
little empirical information is available and we have limited understanding of the Antarctic 
ecosystem. We also found that experts were less confident in providing judgements on the 
responses of certain species groups in particular locations (e.g. responses of microbes to 
management around Arctowski station), as required by this case study. Given the incomplete 
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information and potential biases of the information feeding into the BN, further expert elicitation to 
update the BN and additional model validation methods should be performed to increase the 
reliability of the outcomes predicted by BN models (Kuhnert and Hayes 2009). 
One of the advantages of BN is that it can explicitly incorporate and represent uncertainty, 
propagate the uncertainty through the network, and express it in the outputs (Cain 2001, Marcot et 
al. 2006a). It is widely acknowledged that there are significant information gaps for Antarctica, 
even though Antarctica has a relatively simple ecosystem structure (Chown et al. 2012b, Terauds et 
al. 2012a). For instance, there is very little known about micro-organisms, yet experts identified that 
they were a major group to be considered in management. For situations where there are knowledge 
gaps, BNs are very useful as they can be updated and uncertainties will be reduced when new 
information is available. 
When there is a paucity of empirical data, expert knowledge is a useful information source (Johnson 
et al. 2012b, McBride and Burgman 2012) and can be obtained quickly in a cost-effective way 
(Murray et al. 2009, Kuhnert et al. 2010, Kuhnert 2011). Given current limitations, we were only 
able to organise workshops for the elicitation process with a small number of experts (one to four 
individuals) for BN model construction and parameterisation. Additional experts from more diverse 
backgrounds can reduce the uncertainties. For instance, involving expert Antarctic microbiologists 
would enable the conditional probabilities of the ‘loss of microbes’ node to be updated. This would 
allow the micro-organism evaluation criteria to be incorporated in assessment of management 
alternatives. Information synthesized from additional experts is likely to be more robust compared 
with the information provided by fewer experts (Martin et al. 2005, McBride and Burgman 2012). 
It is essential to rigorously use expert knowledge in a transparent and credible manner. When 
involving multiple experts, a Delphi process is the most commonly used elicitation method 
(Kuhnert et al. 2010, Martin et al. 2012a). The Delphi process begins with eliciting individual 
information independently, and the responses are then presented amongst the experts, allowing the 
experts to reconsider and adjust their estimates. Given the difficulties to coordinate a suitable time 
and location for all experts from different countries and locations, most communication with experts 
in our future study need to carry out via email or telephone (McBride et al. 2012). However, better 
elicitation outcomes can be achieved when experts are allowed to discuss in person since the 
parameterization of the BN model requires extensive efforts of data entry and adjustment. A face-
to-face expert workshop should be facilitated when funding and resources are available. 
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There are potential extensions for using BN. In this study, we assessed management options and 
their impact for the current P. annua population around Arctowski Station. The predicted future 
distributions of P. annua (e.g. in 10/20 years) could also be used as priors for the BN model, to 
compare outcomes under current and future scenarios. This is likely to highlight that delaying 
management may lead to greater cost and difficulties for eradication and higher impacts on native 
ecosystems. In addition, the best solution for the current scenario may not hold for the future 
scenario, since the changes of outputs (loss of species) are not linear to the changes of inputs (P. 
annua status) in a BN. Instead of using expert knowledge, empirical information may be available 
in the near future to inform such prior parameterisation. For instance, a Species Distribution Model 
can be developed for P. annua to indicate its potential distribution under different climate scenarios 
(Martin et al. 2015). 
In addition to incorporating new information, model validation should also be performed to assess 
the model predictions. Besides the sensitivity analysis we have used, another validation method that 
is practical for future research is a peer review validation. Formal peer review from third-party 
expert/s to examine model structure and parameters, and suggest edits or confirm the model 
construction would be useful (Marcot et al. 2001, Marcot et al. 2006b). 
Empirical data can also be used to test the accuracy of the model (Cain 2001, Marcot et al. 2006b). 
A simple way to do this is to use a confusion matrix, comparing values of predicted probabilities of 
the model with actual outcomes (Marcot et al. 2006b). Similarly, evidence-driven conflict analysis 
can be conducted based on empirical data, which will detect potential conflicts between the model 
and evidence (Kjærulff and Madsen 2013a). If a conflict is detected, the model may be unreliable 
and misleading (Kjærulff and Madsen 2013a). Kjærulff and Madsen (2013a) describes a detailed 
procedure for conflict analysis including conducting conflict analysis, determining the origin of the 
conflict, solving the problem, and discussion to explain potential conflict. However, like many 
remote regions, the lack of empirical data for Antarctica terrestrial ecosystems means that it is 
unlikely that data-driven validation will be available for our study in the short-term. 
Conclusion 
The Antarctic Treaty calls for removal of any non-native species introduced to Antarctica and the 
CEP responsible for advising Antarctic Treaty Parties has indicated that it is necessary to develop 
guidelines to better inform non-native species management in Antarctica (Committee for 
Environmental Protection 2011). Information availability for assessing management actions for 
other non-native species on Antarctica will probably be as low or lower as for P. annua and yet the 
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consequences of management actions are likely to be complex (Hughes and Worland 2010). The 
structured framework presented in this study enables the available information to be used 
effectively to inform the decision-making and further learning processes. The process demonstrated 
by the framework is iterative and adaptive, and is able to provide more informed management 
suggestions as new data become available. Based on our research we believe that the structured 
framework we proposed provides a promising approach to address CEP’s requirements to assist 
decision-making of non-native species management in Antarctica. 
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Chapter 6 
General Discussion 
Synthesis 
The main aims of the research presented in this thesis were to provide a better understanding of 
invasive species management problems with regard to potential perverse effects of management 
(Chapter 2), and to explore the utility of a suite of tools to inform decision-making for real-world 
invasive species management problems (Chapter 3–5). I proposed that invasive species 
management requires systems thinking, and the management should be evaluated from a broader 
ecosystem level (Chapter 2). Based on this holistic perspective, I conducted a network analysis and 
a qualitative assessment (Chapter 3), and developed a novel approach coupling qualitative 
modelling and Boolean analysis (Chapter 4) to provide suggestions for cat eradication on Christmas 
Island. I proposed a structured framework incorporating a set of tools to inform management of 
non-native species in Antarctica (Chapter 5). In this general discussion, I synthesise the key 
findings and implications from Chapters 2–5 and identify future research needs and extensions to 
my research. 
Since biotic and abiotic components influence one another within an entire ecosystem, manipulating 
invasive species alone without considering the other components in an ecosystem can worsen the 
current problem or create new problems requiring further mitigation (Zavaleta et al. 2001, Buckley 
and Han 2014). As a consequence of these perverse effects of management, the final costs of 
management can be substantially higher than the conservation benefit (Bergstrom et al. 2009). To 
minimize unnecessary losses and achieve better outcomes, I proposed in Chapter 2, that invasive 
species management needs to consider the risks of side effects which includes the probability of 
occurrence as well as the resulting consequences. 
However, the complex species interactions and limited in-depth knowledge of ecosystems often 
hinders our ability to predict the outcomes of management. In the second section of this chapter I 
systematically reviewed published studies that reported on perverse outcomes as a result of invasive 
plant management. I categorized these outcomes into four types, which represented four general 
pathways through which the outcomes occur, to provide insights into risk identification and 
evaluation for future management. I found only 26 studies that reported negative management 
impacts, and only one study discussed management from a cost-benefit perspective by contrasting 
the negative impacts with management benefits. Given this lower number of studies than expected, 
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it is possible that such perverse outcomes are merely uncommon cases, but I indicated that there 
could be a potential research bias (e.g. focusing on responses of single species or certain groups of 
species that can be easily monitored and measured) leading researchers to ignore this management 
problem for invasive plants. I called for research efforts which consider potential negative impacts 
during the development of management plans and can thus make more prudent choices of species to 
monitor. 
In the last section of the chapter, I discussed existing tools and potential approaches that can be used 
to predict management outcomes, reconcile management conflicts and develop optimal 
management strategies. Chapter 3–5 are the extensions of this discussion on predicting management 
outcomes, in which I applied some of the approaches introduced in this section and developed new 
tools to assist decision-making in two real-world management cases. 
Chapter 3 and Chapter 4 examined the potential impacts of alternative strategies for cat and rat 
management on Christmas Island to assist conservation decision-making. 
Chapter 3 focused on a qualitative assessment that contrasted the risks and benefits of a number of 
potential management strategies for cats and rats on Christmas Island based on the best available 
information. The results showed that better management outcomes could be achieved for the 
ongoing cat eradication campaign if rat control was also prioritized in sites where native species of 
conservation concern occur. However, this qualitative risk assessment was subject to two main 
drawbacks. First, predictions of the likelihood of species responses in the assessment may have 
been subjective based on limited information from the literature (Ricciardi and Rasmussen 1998). 
Second, when multiple species interact across several trophic levels with a number of feedback 
loops, it was difficult to predict the behaviour of such complex systems due to the capacity of the 
human mind (Sterman 2006). The supplementary network analysis shows that the topological 
approach lacked the power to predict the response of each component within the system, limiting its 
utility for identifying impacts on individual species of concern, as is required on Christmas Island. 
In Chapter 4, I developed a novel approach combining a qualitative modelling approach and 
Boolean analysis, which gave more robust and greater predictive power compared with the 
qualitative assessment and network analysis in Chapter 3. Instead of studying system behaviour, 
this approach qualitatively simulated the population dynamics of each species in networks and 
revealed patterns (rules) of species responses, allowing for the provision of robust implications for 
eradication and follow-up monitoring. Boolean analysis also adds to our understanding of the 
system. By identifying groups of species that repeatedly appeared in rules together, the Boolean 
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analysis may provide us with some insights into the ecological drivers of species-response 
associations. The Boolean analysis showed that species groups appeared to correspond to the 
connectance via resources within the network. While these species-response associations appear 
interpretable in terms of the structure of the original web, this could only be done retrospectively; 
the response associations could not have been predicted from examining the network structure 
alone. 
However, this approach has a few limitations. First, the rules are for the species' qualitative 
response (positive/negative) regardless of its magnitude. The rules are only meaningful if the 
magnitude of the real-world response is large enough. Second, in general, the longer a species-
response rule is the less useful and informative it is. This is because a single species' response in an 
n-species-length rule is only guaranteed contingent upon the responses of the other n-1species 
satisfying the rule. Third, the contingent nature of the rules obtained can reduce their usefulness for 
guiding decision making. In the Christmas Island application, the rules were highly contingent upon 
rat response to cat control and cat response to rat control. It means that, if we do not know a priori 
which of these scenarios is most likely, then it is difficult to give general advice on the best 
management strategy to pursue. 
Qualitative modelling with Boolean minimization, providing a transparent, rapid and rigorous 
analysis, can be very useful when little information is available to model an ecological system (in 
the early stage of problem formulation), as we found on Christmas Island. Gaining these advantages 
by sacrificing precision, the qualitative models are not substitutes of quantitative analysis but rather 
a complement. 
Considering multiple species and depicting their interactions during management planning can help 
to identify potential risks and avoid cascading problems. The ecological network approaches 
illustrated in Chapter 3 and 4 captured the full complexity of biotic interactions of an ecosystem, 
and can offer insights into how a system responds to changes caused by invasive species 
management, and to what extent a system is robust to cascading effects. However, in addition to the 
trophic cascading effects demonstrated in the Christmas Island case study, management impacts can 
occur through other pathways to affect a range of biotic and abiotic factors such as habitat quality, 
ecological processes, and microclimates, which require a broader application of network thinking 
beyond trophic interactions. 
Non-native species pose a high risk to Antarctic ecosystem yet management may lead to perverse 
outcomes, such as further disturbances on native species and habitats (Hughes and Convey 2014). 
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Given the unique conservation status of Antarctica and its governance, non-native species 
management requires careful consideration of trade-offs between different objectives to achieve 
maximum environmental benefits (Committee for Environmental Protection 2011). To assist this 
goal, in Chapter 5, I proposed a structured framework to facilitate decision-making on non-native 
species management in Antarctica, using the management of an introduced plant, Poa annua, on the 
Antarctic Peninsula as a case study. The structured framework, based on Structured Decision 
Making, demonstrated an organized process and illustrated a set of decision tools within this 
process. Facilitated by the framework, further progress was achieved with the non-native species 
management issue in Antarctica. First, a clear statement of objectives and a list of potential 
management options were articulated in a systematic way for management of P. annua in 
Antarctica for the first time. I then illustrated how a Bayesian Network model could be developed 
and applied to estimate management outcomes, and addressed a number of issues with model 
construction and validation. I also discussed how the predicted outcomes of the BN model could be 
further evaluated to inform management decisions with potential decision tools. Based on the work 
that has been accomplished; I believe this structured framework highlighted a practical way to cope 
with non-native species management issues in Antarctica. 
BNs are similar to the qualitative models in the way of graphically depicting a system. As acyclic 
graphs, BNs have limitations in capturing feedback loops compared to the qualitative model. 
Compared to the qualitative modelling approach which focuses on model structure and omits 
problem-specific quantitative details, nodes and links of a BN model have to be parameterized. BNs 
are able to provide semi-quantitative evaluations of the consequences, yet the most significant 
challenge of BNs is the time and expertise needed to realistically represent a system with limited 
understanding. The key question lies on how to construct a conceptual network of the BN which is 
representative of the system yet is relatively simple in structure for parameterization. For the case 
study in Chapter 5, this conundrum is even more prominent since that 1) negative effects of invader 
management have never been investigated, let alone getting information for the evaluation criteria, 
and 2) there is no empirical information to specifying the population or even the presence of certain 
species. Therefore, expert knowledge is not only required for parameterization but also required 
throughout the study including refining conceptual network, developing evaluation criteria, and 
specifying potential management actions. A major contribution of Chapter 5 is that, by addressing 
such a conundrum using expert knowledge, for the first time, this study makes an invasive species 
management for the Antarctic Peninsula ecosystem assessable. 
It should be noted that the Antarctic ecosystem and the relating management problems are quite 
distinctive from ecosystems elsewhere. The sites where P. annua presents and is predicted to spread 
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locate in Antarctic Peninsula region. More specifically, these sites are within the western Antarctic 
Peninsula coast and the islands off the coast, which is classified as a distinct conservation 
biogeographic region with an approximate area of 5081 km2 by a recent work (Terauds et al. 
2012b). For this region, most of the ground is covered by ice and heavily glaciated area are not 
suitable for establishment of vascular plants. The distribution of the two native vascular plants can 
be used to indicate the suitable habitat for P. annua given the likely future of spread. Offshore 
islands have the most ice-free surfaces, supporting the largest native vascular plant stand (about 
10,000 m2), and extensive stands are very rare in the Peninsula, presented as zonal communities 
(Komárková et al. 1985). Given the large area of the biogeographic region and the small patches of 
plant stands, the management problem of P. annua is extensive yet localised, since preventing its 
further spread will lead to ecological benefits for the whole region, however management actions 
need to be planned and evaluated at local sites. 
Loss of species within a relatively small scale can be viewed as significant for Antarctica. The 
native species in Antarctica are very susceptible to disturbance since they are often slow-growing 
with small populations. Given that the largest native vascular plant stand is estimated at only 10,000 
m2, it is very likely that a management action can extirpate or have profound impacts on the entire 
native plant community of small scale. Such local extirpation can be ecologically significant, yet 
management actions are less likely to result in complete extinctions of native species. In contrast, as 
an insular system, Christmas Island has a greater risk of species extinctions due to ill-advised 
managements. 
Although comparing the suite of tools presented in this thesis across similar ecosystem would be 
optimal, there are differences between Christmas Island and the Antarctic Peninsula, owing to their 
different natural environments and ecological interactions, and the different invasion stages of the 
target species. Cats and rats are long-established introduced predators, which have integrated into 
the invaded ecosystem, thus trophic interactions are the key issue for estimating management 
consequences. For the Antarctica ecosystem, the spread of P. annua is a relatively recent event 
(thus mutualisation and trophic interaction with native species are not formed), and management 
impacts are likely to be direct or indirect mediated by alteration of habitat condition. The size of 
Christmas Island ecological networks precludes using the Bayesian Network approach due to the 
parameterization difficulties; while the Antarctica problem lacks trophic interactions (e.g. predation, 
interference competition), making the qualitative modelling unsuitable. These two case studies 
illustrate that tools selected for a management problem should be able to test the hypothesis made 
upon that the way target invaders may interact with ecosystem and the way that a management 
action may impact the ecosystem. 
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Prediction models play an important role in decision-making since knowing management 
consequences are key to decisions. Even without full information, explicitly constructing models 
representing objective systems are still helpful since stakeholders’ mental models are just 
internalized and thus cannot be evaluated by anyone external to the process. Generally, 
management actions are determined by stakeholders’ beliefs, thus a model is less influential in 
management decision-making unless it changes or improves the stakeholders’ understanding of the 
situation. Engaging stakeholders in model studies ensures that the research objectives reflect 
stakeholder’s values, and increases the utility and significance of the models. Model output is 
unquestionably the most important product of modelling studies. However, stakeholders’ perception 
on the management issue can be illuminated through the process of unifying knowledge to 
formulate research questions and to justify model structures. Even though the model output at this 
time may seem to be intuitive, such conclusion may not be reached without the elicitation efforts. 
As shown in Chapter 3–5, research question formulation and model construction are realised 
through a communication process interacting with stakeholders. During this iterative elicitation 
process, people were encouraged to think and refine their responses. For example, through the 
alteration of conceptual network of the BN in Chapter 5 experts were able to think in-depth of the 
system, which in turn facilitate the following parameterization (see structural alterations in Figure 
6.A.1 in Appendix 6.1). Such engagement is likely to increase stakeholders’ confidence and belief 
on the modelling approaches. 
Future research 
Reducing uncertainty and value of information 
One major challenge throughout this thesis were the high levels of uncertainty resulting from our 
limited knowledge and lack of information on the species and ecosystems under investigation. 
Gaining additional information can potentially reduce uncertainty and improve model accuracy to 
inform decision-making. Additional information can be gained through further research efforts such 
as collecting ecological data and expert elicitation, or through monitoring processes as management 
interventions proceed. When multiple uncertainties exist but time and resources are limited, we face 
the problem of determining which uncertainties are worth reducing for better decision-making 
before these additional information sources are available (Yokota and Thompson 2004, Kjærulff 
and Madsen 2013c). Value-of-information (VOI) analysis is an approach that calculates the value of 
extra information and identifies which types of information have a probability of significantly 
affecting management performance (Yokota and Thompson 2004, Yokomizo et al. 2014). VOI 
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enables prioritization of learning and research activities, as well as informing future monitoring and 
information collection (Runge et al. 2011, Sanchirico et al. 2014). For example, VOI analysis can 
be applied to monitoring the implementation of on-going cat eradication on Christmas Island to 
identify priority species for monitoring, which will serve as indicators for predicting or inferring the 
responses of other species, and which monitoring approaches are more cost effective. 
Improvement of predictive powers 
Additional information can be used for two major purposes. First, new information can feed directly 
into a model to update model structure and improve the accuracy of parameter estimates. For 
instance, for the qualitative model in Chapter 4, new information on species interactions can 
inform model structure by adding or removing interaction links or refining interaction strengths 
within a given range. In Chapter 5, new information can be used to update model structure, and 
revise estimates of inputs and conditional probabilities for the Bayesian Network model. 
Second, besides feeding into models directly, extra information can also be used to validate models. 
Model validation is crucial for simulation models, determining a model’s accuracy in representing 
the real system of study and predicting consequences (Thacker et al. 2004). In Chapter 4, only two 
essential validation criteria were used, namely: (1) local stability, e.g. assuming the system will 
return to equilibrium after perturbation, and (2) the target species (cats/rats) will response 
negatively to corresponding controls, e.g. assuming that the control management is successful. 
Increasing the number of criteria in validation such as species responses can potentially increase the 
predictive accuracy of the model. With cat eradication proceeding on the island, more information 
on species responses to management is expected from monitoring in the near future. Future research 
can use this information to validate and update models, and consequently provide increased 
accuracy for further monitoring and management. 
Beyond the problems of model accuracy, there should be a thorough assessment of how well the 
model achieves the purposes and objectives of research (Kuhnert and Hayes 2009). For the 
Bayesian Network model developed in Chapter 5, model validation for this purpose is of great 
importance, since the outputs of the BN model were a direct reflection of the evaluation criteria 
used to assess management options. For instance, in the BN model for P. annua eradication, one 
output node represented the population status of P. annua after management. This node had three 
states including ‘no’ ‘low’ ‘high’ and each state was defined by experts. Therefore, different 
definitions of the states would lead to different interpretations of the outcomes. Further validation of 
the node states will lead to more credible and defensible outcomes. Formal peer review from third-
100 
 
party experts could provide the best way to validate model structure and the states of nodes for such 
purposes; while validation approaches such as sensitivity analysis, influence analysis and data-
driven validation can be used to improve model accuracy (Marcot et al. 2006b, Marcot 2012, 
Kjærulff and Madsen 2013b). 
Conclusion 
There is increasing recognition of the need to address the perverse effects of invasive species 
management to avoid new environmental problems. However, few studies have addressed the 
problem of whether, given a potential management risk, we should abandon current management or 
accept this risk and proceed with management. Answering these questions to inform decision-
making requires knowledge of the possible consequences of management. Yet to date, there have 
been only a few attempts which predict the consequences for real-world management practices, and 
even fewer which consider management actions from an ecosystem perspective (see Raymond et al. 
(2011)), To fill in these knowledge gaps, I explored the utility of a suite of tools to inform decision-
making for two real-world invasive species management problems. I showed that although 
decision-making on management practices is often hindered by paucity of information and time and 
resources constraints, we are still able to provide robust management suggestions through 
appropriate decision-making and modelling tools. Further research efforts need to improve the tools 
introduced in this thesis and develop new tools to inform invasive species management issues. 
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Appendices 
Appendix 1.1 Supplementary article 
Managing the side effects of invasion control 
(Published in Science) 
Invasive species can threaten the conservation of biodiversity and natural resources and incur 
considerable economic losses. Invasive species management programs therefore aim to reverse or 
mitigate the impacts of invasion, but these programs can have severe negative impacts on native 
species and ecosystems (Bergstrom et al. 2009, Rinella et al. 2009), because invasive species 
integrate into their new ecosystems and can assume ecological functions previously carried out by 
native species. Indirect effects of management are likely to become more common as existing 
invaders form new interactions and new species continue to be introduced. Lampert et al. report an 
optimal management model that shows how invasive species control can be combined with other 
ecosystem goals (Lampert et al. 2014). 
Rapid removal of an invasive plant is important for reducing its population, preventing further 
spread, and helping to ultimately attain eradication. However, rapid removal can lead to problems if 
native species use the invader as a resource. The program aiming to eradicate an invasive cordgrass 
species (a hybrid between the invasive Spartina alterniflora and the native S. foliosa) in San 
Francisco Bay was proceeding quickly and effectively (see the figure) when scientists noticed 
declines in an endangered bird, the California clapper rail (Rallus longirostris obsoletus), which 
nests in invasive hybrid Spartina. The control program for invasive hybrid Spartina was 
temporarily halted, leaving 8% of the originally infested area still containing the invader. The bird 
also nests in native Spartina, but the native plant was slow to recover after removal of the invader 
(Lampert et al. 2014). How can the clapper rail population be protected while preventing the 
remaining invasive hybrid Spartina population from recolonizing the bay? 
To determine the best management strategy for such a situation, Lampert et al. (2014) constructed a 
model that constrains the side effects of hybrid Spartina management on the clapper rail. The model 
combines invader removal with the restoration of the native habitat to replace the beneficial 
function of the invader. The time scale of the management program is therefore controlled by the 
rate of recovery of the native and its ability to replace the habitat lost through invader removal. 
Removal of invaders can have various negative impacts on non-target species and ecosystems 
(Zavaleta et al. 2001). Native fruit-eating birds, bats, and mammals can incorporate invasive species 
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in their diets (Buckley et al. 2006), presenting conservation conflicts when removal of the resource 
has an impact on the native consumers. Removal of an invasive predator can lead to overabundance 
of prey (Bergstrom et al. 2009) or increased populations of other damaging predators (Rayner et al. 
2007). Such non-target effects of invader management are commonly recognized (Firn et al. 2010, 
Fowler et al. 2012) but are rarely incorporated into optimal management models and are even more 
rarely assessed in terms of costs (Lampert et al. 2014). 
When management of an invader is in conflict with other conservation goals, there are three main 
options: to continue to manage the impacts of the invader and accept the collateral damage; 
abandon the management effort and accept the invader impacts; or seek a compromise management 
strategy that allows both goals to be attained. Several studies have highlighted the importance of 
assessing or predicting negative effects of invader removal and have recommended the integration 
of invasive species management with broader ecosystem goals (Zavaleta et al. 2001), but few 
management plans have successfully resolved these conflicts. 
This gap between theory and practice is difficult to bridge for several reasons. The complexity and 
uncertainty of species interactions makes it hard to predict the potential negative impacts of invader 
removal (Raymond et al. 2011). Population reduction of the invader is often used as the sole 
criterion for judging the success of invasive species management, and time and resource constraints 
often limit follow-up monitoring and restoration efforts (Reid et al. 2009). Another important 
barrier to an ecosystem based management approach is the lack of common valuation systems 
(currencies) that sum and compare the management costs, damages, and benefits (Grechi et al. 
2014). 
Lampert et al. were able to combine the monetary costs of eradication, restoration, and the damages 
incurred by invasive hybrid Spartina with a constraint on the total amount of clapper rail habitat 
required to find an optimal management strategy. In other systems, however, it can be difficult to 
determine the costs of impact, and how reversible those costs are with invader removal (Yokomizo 
et al. 2009). The costs of the side effects of management actions can also be difficult to assess and 
quantify. In these cases, it may be appropriate to use evaluation approaches that do not require 
conversion of different units of measurement into a single currency (Grechi et al. 2014). 
There are often large uncertainties in predicting the responses of managed systems. These 
uncertainties hinder the accurate identification of conservation conflicts and thus the optimization of 
solutions. We will never be able to predict all risks of environmental management, but the risks of 
not acting at all may be more serious. Tools like those constructed by Lampert et al. are crucial for 
reconciling the increasing number of conflicts likely to occur.
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Appendix 2.1 Search terms used in Web of ScienceTM Core Collection 
We used the following search terms in Web of ScienceTM Core Collection: (TS = (invasive species 
OR invader* OR nonnative species OR non-native species OR non-indigenous species OR non 
indigenous species OR exotic species OR exotic* OR alien species OR alien* OR weed* OR 
introduced species OR biological invasion) AND TS = (restor* OR control OR remov* OR 
eradicat* OR weeding OR management) AND TS = (plant* OR seed* OR herb* OR flora* OR 
veget* OR botan* OR tree* OR shrub* OR grass*) AND (TS =(((non-target OR nontarget OR off-
target OR off target OR indirect OR negative OR adverse OR unexpected OR unwanted OR 
undesirable OR inadvertent OR unforeseen) AND (impact* OR effect* OR outcome* OR result*)) 
OR side-effect OR side effect* OR control impact* OR control-impact) OR TS= ((damage* OR 
impact* OR effect* OR response*) AND (non-target OR nontarget OR native OR community)))) 
AND LANGUAGE: (English) 
Refined by: Web of Science Categories: (Ecology OR Plant Sciences OR Environmental 
Sciences OR Entomology OR Biodiversity Conservation) 
Timespan: 1900-2015. 
Indexes: SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH, BKCI-S, BKCI-SSH, 
CCR-EXPANDED, IC. 
The search period finished on 4 March 2015 and the search produced 8,301 publications. 
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Appendix 2.2 Criteria for study inclusion in the systematic review 
1. Studies should address negative responses of native species to invasive plant management. 
2. Studies were not included if the negative effects of management were documented as short 
term effects or spill-over effects. If the original study identifies a side effect as short term 
and there is evidence to support the conclusion (e.g. species recovered during the research), 
this side effect will not be included. A non-target feeding is identified as a spill-over effect if 
the study found there was no evolution of the host range of the biocontrol agent and the 
spill-over effect was identified as temporary and minor with following monitoring during 
the research. 
3. Studies should be based on a field context. Studies that are included should not be a 
laboratory, greenhouse or agricultural setting, and should not be a common garden 
experiment with monoculture or polyculture. 
4. Studies were not included when the invasive plant control was only a part of a restoration 
program involving confounding factors such as active seedling, nutrient addition, and etc.  
5. When a single study reported various effects (positive, neutral or negative) on 
species/community we counted the negative responses. 
6. When multiple publications presented as sequential studies addressing the same side effect 
(i.e. the same target invasive species, the same management operation, and the same non-
target species affected by the same side effect), we only included the latest or the most 
comprehensive study. 
7. When a particular negative effect from a single research experiment was used/investigated 
in more than one publication, we only included the latest and most comprehensive study. 
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Appendix 2.3 Studies included in the systematic review 
Table 2.A.1 A summary of studies included in the systematic review. 
Reference Pathway Target 
invasive 
species 
Management 
operation 
Biocontrol 
agent (if 
applicable) 
Non-target 
species 
Management 
time 
Sampling 
time 
Time 
span* 
Study 
setting† 
Baker et al. 
(2009) 
Direct Bromus 
tectorum L. 
Herbicide 
(imazapic) 
NA A suite of native 
forbs (e.g. 
Packera 
multilobata and 
Sphaeralcea 
coccinea) 
October 2006 
(one time) 
June 2007 0.67 
years 
E 
Louhaichi 
et al. (2012) 
Direct Taeniatheru
m caput-
medusae (L.) 
Nevski 
Herbicide 
(sulfometuron 
methyl) 
NA Eleven native 
forbs (e.g. 
Lupinus saxosus 
T.J. Howell, and 
Agoseris glauca 
(Pursh) Raf) 
Autumn 2001 
(one time) 
Repeated 
sampling in 
May of 
2002, 2003, 
and 2004 
2.3 years E 
Ortega and 
Pearson 
(2010) 
Direct Centaurea 
stoebe L. 
Herbicide 
(picloram) 
NA Balsamorhiza 
sagittata (Pursh) 
Nutt. 
October 2002 
(one time) 
Repeated 
sampling in 
2003, 2004 
and 2005 
2.5 years E 
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Table 2.A.1 continued 
Reference Pathway Target 
invasive 
species 
Management 
operation 
Biocontrol 
agent (if 
applicable) 
Non-target 
species 
Management 
time 
Sampling 
time 
Time 
span* 
Study 
setting† 
Renteria et 
al. (2012) 
Direct Rubus niveus Herbicide 
(glyphosate, 
picloram) 
NA Native woody 
species 
2001 to 2005 Repeated 
sampling in 
2006 to 
2010 
4 years M 
Rinella et 
al. (2009) 
Direct Euphorbia 
esula 
Herbicide 
(picloram) 
NA Native forbs and 
grasses (e.g. 
Solidago 
missouriensis 
and Achillea 
millefolium) 
June 1982 (one 
time) 
Repeated 
sampling in 
1, 2, 4, 16 
years after 
treatment  
16 years M 
Sheley and 
Denny 
(2006) 
Direct Potentilla 
recta L. 
Herbicide 
(picloram, 
metsulfuron, 
clopyralid) 
NA Native plant 
community (e.g. 
Festuca 
idahoensis, and 
Agropyron 
smithii) 
June 1998 (one 
time) 
Repeated 
sampling in 
1999 and 
2000 
2 years E 
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Table 2.A.1 continued 
Reference Pathway Target 
invasive 
species 
Management 
operation 
Biocontrol 
agent (if 
applicable) 
Non-target 
species 
Management 
time 
Sampling 
time 
Time 
span* 
Study 
setting† 
Whitcraft 
and Grewell 
(2012) 
Direct Lepidium 
latifolium 
Herbicide 
(imazapyr) 
NA Native grasses 
and forbs (e.g. 
Frankenia salina, 
and Distichlis 
salina) 
Repeated 
treatments in 
2007 and 2008  
Repeated 
sampling in 
2008 and 
2009 
2 years E 
Clark and 
Wilson 
(2001) 
Direct Woody 
species (e.g. 
Rubus 
discolor, and 
Rubus 
laciniatus) 
Burning NA Deschampsia 
cespitosa  
Repeated 
treatments in 
October 1994 
and September 
1996 
June 1995 
and June 
1997 
3 years E 
Rinella and 
Hileman 
(2009) 
Direct Euphorbia 
esula 
Simulate 
grazing 
(clipping) 
NA Native grasses 
and forbs (e.g. 
Pascopyrum 
smithii, and 
Bromus inermis) 
Repeated 
treatments 
during 2005 to 
2007 
Repeated 
sampling in 
2005 to 
2007 
2 years E 
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Table 2.A.1 continued 
Reference Pathway Target 
invasive 
species 
Management 
operation 
Biocontrol 
agent (if 
applicable) 
Non-target 
species 
Management 
time 
Sampling 
time 
Time 
span* 
Study 
setting† 
Zarnetske et 
al. (2010) 
Direct Ammophila 
arenaria and 
Ammophila 
breviligulata 
Synthesized 
approach 
(bulldozing, 
herbicide and 
etc.) 
NA Native plant 
community 
1990 2007 17 years M 
DePrenger-
Levin et al. 
(2010) 
Direct Carduus 
nutans L. 
Biocontrol Rhinocyllus 
conicus 
Frölich 
Cirsium ownbeyi 
S.L. Welsh 
Released in 
1960s 
Repeated 
sampling 
between199
8 and 2005 
~ 40 
years 
M 
Havens et 
al. (2012) 
Direct Cirsium 
arvense L. 
Biocontrol Larinus 
planus 
Frabicius 
Cirsium pitcher 
Torr. and Gray 
Accidentally 
introduced in 
the 1960s, then 
actively 
redistributed 
for biocontrol 
Repeated 
sampling in 
2010 and 
2011 
~ 40 
years 
M 
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Table 2.A.1 continued 
Reference Pathway Target 
invasive 
species 
Management 
operation 
Biocontrol 
agent (if 
applicable) 
Non-target 
species 
Management 
time 
Sampling 
time 
Time 
span* 
Study 
setting† 
Johnson and 
Stiling 
(1998) 
Direct Opuntia spp. Biocontrol Cactoblastis 
cactorum 
Berg 
Opuntia stricta Released in 
1960s onto 
Caribbean 
islands and 
recorded in 
1989 at Florida 
Repeated 
sampling 
between 
October 
1991 and 
January 
1994 
~30 
years 
M 
Louda 
(1998) 
Direct Carduus spp. Biocontrol Rhinocyllus 
conicus 
Frölich 
Cirsium 
canescens 
Released in 
1960s 
Repeated 
sampling 
from 1990 
to 1996 
~ 30 
years 
M 
Louda and 
O'Brien 
(2002) 
Direct Cirsium 
arvense L. 
Biocontrol Larinus 
planus  
Cirsium 
undulatum var. 
tracyi 
Released in 
1992−1993 
Repeated 
sampling in 
1999 and 
2000 
~ 8 years M 
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Table 2.A.1 continued 
Reference Pathway Target 
invasive 
species 
Management 
operation 
Biocontrol 
agent (if 
applicable) 
Non-target 
species 
Management 
time 
Sampling 
time 
Time 
span* 
Study 
setting† 
Rand and 
Louda 
(2004) 
Direct Carduus 
nutans L. 
Biocontrol Rhinocyllus 
conicus 
Frölich 
Cirsium 
undulatum 
(Nutt.) Spreng. 
Released in 
1969−1972 
Repeated 
sampling in 
2001 and 
2002 
~ 30 
years 
M 
Takahashi 
et al. (2009) 
Direct Carduus spp. 
and Cirsium 
spp. 
Biocontrol Trichosiroca
lus horridus 
Panzer 
Cirsium 
altissimum L 
Released since 
1974 
Repeated 
sampling in 
2004 and 
2005 
~ 30 
years 
M 
Bower et al. 
(2014) 
Indirect: 
native-
mediated 
Urochloa 
mutica 
Burning and 
grazing 
NA A native skink 
(Lampropholis 
delicate) and a 
frog 
(Limnodynastes 
convexiusculus) 
Repeated 
treatments in 
2004, 2005 
and 2006 
Repeated 
sampling 
between 
2005 and 
2007 
3 years E 
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Table 2.A.1 continued 
Reference Pathway Target 
invasive 
species 
Management 
operation 
Biocontrol 
agent (if 
applicable) 
Non-target 
species 
Management 
time 
Sampling 
time 
Time 
span* 
Study 
setting† 
Carvalheiro 
et al. 
(2008b) 
Indirect: 
native-
mediated 
Chrysanthem
oides 
monilifera 
ssp. 
rotundata 
(L.) T. Nord 
Biocontrol Mesoclanis 
polana 
Dipteran seed 
herbivores and 
parasitoids 
Released in 
1996 
Repeated 
sampling 
between 
April and 
June 2006 
~ 20 
years 
M 
Louda et al. 
(2011) 
Indirect: 
native-
mediated 
Carduus spp. Biocontrol Rhinocyllus 
conicus 
Paracantha culta Released in 
1960s 
Sampling in 
May 2000 
~ 40 
years 
M 
Pearson and 
Callaway 
(2006) 
Indirect: 
native-
mediated 
Centaurea 
maculosa 
Biocontrol Urophora 
affinis, and 
Urophora 
quadrifascia
ta 
Peromyscus 
Maniculatus 
(deer mice), and 
hantavirus 
Released in 
1970s 
Repeated 
sampling in 
2001, 2002 
and 2003 
~30 
years 
M 
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Table 2.A.1 continued 
Reference Pathway Target 
invasive 
species 
Management 
operation 
Biocontrol 
agent (if 
applicable) 
Non-target 
species 
Management 
time 
Sampling 
time 
Time 
span* 
Study 
setting† 
Pearson and 
Callaway 
(2008) 
Indirect: 
native-
mediated 
Centaurea 
maculosa 
Biocontrol Urophora 
affinis, and 
Urophora 
quadrifascia
ta 
Peromyscus 
Maniculatus 
(deer mice), and 
Balsamorhiza 
sagittata (a 
native forb) 
Released in 
1970s 
Repeated 
sampling 
between 
2001 to 
2004 
~30 
years 
M 
Valentine 
and 
Schwarzkop
f (2009) 
Indirect: 
native-
mediated 
Cryptostegia 
grandiflora 
Burning NA Reptile 
assemblages (e.g. 
Heteronotia 
binoei and Carlia 
pectoralis) 
December 
1999 and 
August 2000 
Repeated 
sampling in 
January and 
March 2001 
and 2003 
3 years E 
Valentine et 
al. (2012) 
Indirect: 
native-
mediated 
Cryptostegia 
grandiflora 
Burning NA Bird assemblages 
(e.g. Dicaeum 
hirundinaceum, 
and Aprosmictus 
erythropterus) 
Repeated 
treatments in 
1999 and 2001 
Repeated 
sampling in 
2001, 2003 
and 2004. 
5 years E 
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Table 2.A.1 continued 
Reference Pathway Target 
invasive 
species 
Management 
operation 
Biocontrol 
agent (if 
applicable) 
Non-target 
species 
Management 
time 
Sampling 
time 
Time 
span* 
Study 
setting† 
Overton et 
al. (2014) 
Indirect: 
invasive-
mediated 
Spartina spp. Herbicide 
(imazapyr) 
NA An endangered 
bird (Rallus 
longirostris 
obsoletus) 
Treatment 
from 2007 to 
2010 
Sampling 
from 
January 
2007 to 
March 2010 
3 years M 
Samways et 
al. (2011) 
Indirect: 
invasive-
mediated 
Acacia spp. Synthesized 
approach 
(felling, 
burning and 
herbicide) 
NA Sensitive 
endemic 
macroinvertebrat
es (e.g. Petroplax 
sp. and 
Athripsodes sp. 
C) 
The target 
invader had 
been removed 
for more than 
2 years. 
Repeated 
sampling in 
January and 
March 2004 
> 2 years M 
* The time span indicates the time span between management operation and sampling for side effects. 
† The classification of “study setting” depend on whether the management operate as an experiment (“E”) or a real management program (“M”). 
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Appendix 3.1 Ecological networks of the Forest and Town ecosystems under three 
management scenarios 
(a) 
 
(b) 
 
(c) 
 
Figure 3.A.1 Ecological networks of the Forest ecosystem under three management scenarios: (a) 
no management, (b) cat removal alone, and (c) combined cat and rat removal. 
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 (a) 
 
(b) 
 
(c) 
 
Figure 3.A.2 Ecological networks of the Town ecosystem under three management scenarios: (a) 
no management, (b) cat removal alone, and (c) combined cat and rat removal. 
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Appendix 3.2 Species responses to Strategies 3−7 for the qualitative assessment 
Strategy 3 Island wide cat eradication without rat baiting 
Eradication of cats may result in release of rats, which can be a potential threat to many species. 
The goshawk and the hawk-owl may have control effects on rats; however, given the low density of 
goshawks and that the two species also prey on a number of other species (Strategy 1), this control 
effect is less likely to compensate the meso-predator release effect of cat eradication. The cost of 
this strategy is estimated as a one-off cost ($5 million) for cat eradication. 
Strategy 3 Seabirds’ responses 
Expected responses 
Red-tailed Tropicbirds: likely to show a positive response 
White-tailed Tropicbirds: likely to show a positive response 
Brown Boobies: likely to show positive a response 
Supporting evidence 
The abundant population of rats around seabird colonies may reduce the benefits of cat control 
(Fleet 1972, Ratcliffe et al. 2010, Low et al. 2013). The potential of rat population growth without 
cat regulation may be a future threat to these seabirds. 
Strategy 3 Birds of prey’s responses 
Expected responses 
Christmas Island Goshawks: slightly likely to show a positive response 
Christmas Island Hawk-owls: neutral, unlikely to be affected 
Supporting evidence 
Rats will still be available as a food resource for this raptor under this management strategy. 
As discussed in Strategy 1 and 2, cat eradication may have little influence on the hawk-owl 
population. 
Strategy 3 Frugivorous land birds’ responses  
Expected responses 
Christmas Island Emerald Doves: likely to show a positive response 
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Christmas Island Imperial Pigeons: neutral, unlikely to be affected 
Supporting evidence 
Predation pressure from cats will be removed. The extent of the impact of rats remains unclear.  
This management strategy may have little benefit to the pigeon due to its canopy feeding behavior 
(see Strategy 1 Frugivorous land birds’ responses). 
Strategy 3 Insectivorous land birds’ responses 
Expected responses 
Christmas Island Thrushes: likely to show a positive response 
Christmas Island White-eyes: likely to show a positive response 
Supporting evidence 
Cat eradication is likely to lead to a positive response for both species. The threat of rats still exists 
but the extent is unknown (see Strategy 1 and 2 Insectivorous land birds’ responses). 
Strategy 3 Mammals’ responses 
Expected responses 
Christmas Island Flying-foxes: likely to show a positive response 
Supporting evidence 
Cat eradication is expected to reduce the predation pressure on the flying-fox (see Strategy 1 and 2 
Mammals’ responses).  
Strategy 3 Reptiles’ responses 
Expected responses 
Christmas Island Giant Geckos: slightly likely to show a positive response 
Supporting evidence 
See Strategy 1 and 2 Reptiles’ responses. 
Strategy 4 Town cat removal with Town rat baiting 
This strategy focuses on the Town area and will have no effects on Forest populations in the Forest 
network, thus the Forest species were predicted to have the same responses under this strategy as 
under Strategy1 Do nothing. Cats are likely to move from the Forest to the Town (spillover), which 
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will require constant control efforts. This strategy had relatively high ongoing costs ($75,000 p.a. 
for Town cat removal and $15,000 p.a. for Town rat baiting). 
Strategy 4  Seabirds’ responses 
Expected responses 
Red-tailed Tropicbirds: highly likely to show a positive response 
White-tailed Tropicbirds: uncertain 
Brown Boobies: highly likely to show a negative response 
Supporting evidence 
Removal of cats with rat baiting in Town was highly like to benefit the Red-tailed Tropicbird since 
this species mainly inhabits along the shoreline in the settlement area (Algar et al. 2012). While 
present in both Town and Forest regions, the White-tailed Tropicbirds in Town will benefit from 
this strategy but in the Forest this species is still at risk. Without spatial ecology information, it is 
not possible to predict the trend for the whole White-tailed Tropicbird population. This strategy has 
no benefit for the Brown Booby as this species inhabits the Forest area.  
Strategy 4 Birds of prey’s responses 
Expected responses 
Christmas Island Goshawks: neutral, unlikely to be affected 
Christmas Island Hawk-owls: neutral, unlikely to be affected 
Supporting evidence 
Cat removal in Town may indirectly benefit the goshawk through an increase in native prey yet rat 
baiting may reduce its food supply (see Strategy 1 and 2 Birds of prey’s responses). This species is 
also present in the Forest where cats and rats still exist. This strategy was expected to be less likely 
to affect (either positively or negatively) the goshawk. 
As discussed in Strategy 1 and 2 Birds of prey’s responses, cat and rat managements have little 
influence on the hawk-owl population. 
Strategy 4 Frugivorous land birds’ responses 
Expected responses 
Christmas Island Emerald Doves: likely to show a negative response 
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Christmas Island Imperial Pigeons: neutral, unlikely to be affected 
Supporting evidence 
As Forest birds, the dove and pigeon will benefit little from this strategy focusing on the Town area. 
The expected responses are the same as Strategy 1 Do nothing. 
Strategy 4 Insectivorous land birds’ responses 
Expected responses 
Christmas Island Thrushes: likely to show a negative response 
Christmas Island White-eyes: likely to show a negative response 
Supporting evidence 
As Forest birds, the expected responses of these two species are the same as Strategy 1 Do nothing. 
Strategy 4 Mammals’ responses 
Expected responses 
Christmas Island Flying-foxes: slightly likely to show a negative response 
Supporting evidence 
Flying-foxes are present in both Town and Forest region. In the Town region where the flying-fox 
forages, it is likely that this species would benefit from cat removal (see Strategy 2 Mammals’ 
responses). In Forest areas where the flying-fox forages and lives, it is expected that the population 
response will be similar to Strategy 1 do nothing. Thus, I predict that this management strategy is 
still slightly likely to negatively affect the flying-fox population. 
Strategy 4 Reptiles’ responses 
Expected responses 
Christmas Island Giant Geckos: likely to show a negative response 
Supporting evidence 
As a Forest species, the gecko will benefit little from this strategy which only focuses on the Town 
area. 
Strategy 5 Town cat removal without Town rat baiting 
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This strategy focuses on the Town area and will have no effects on Forest species in the Forest 
network, thus the Forest species are predicted to have the same responses under this strategy as 
under Strategy1 do nothing. Cats are likely to move from the Forest to the Town (spillover), which 
may require constant control efforts. This strategy is estimated to have high ongoing costs of 
$75,000 p.a. for Town cat removal. Without rat control, the rats will still be a threat in the Town 
area and may also lead to negative perceptions of cat control among the Town’s human residents. 
Strategy 5  Seabirds’ responses 
Expected responses 
Red-tailed Tropicbirds: likely to show a positive response 
White-tailed Tropicbirds: uncertain 
Brown Boobies: highly likely to show a negative response 
Supporting evidence 
Removal of cats is likely to benefit the Red-tailed Tropicbirds; however, there is potential risk of rat 
population increase (see Strategy 1 and 3 Seabirds’ responses).  
See Strategy 4 Seabirds’ responses for the responses of the White-tailed Tropicbird and the Brown 
Booby. 
Strategy 5 Birds of prey’s responses 
Expected responses 
Christmas Island Goshawks: neutral, unlikely to be affected 
Christmas Island Hawk-owls: neutral, unlikely to be affected 
Supporting evidence 
See Strategy 4 Birds of prey’s responses for the responses of the goshawk and hawk-owl. 
Strategy 5 Frugivorous land birds’ responses 
Expected responses 
Christmas Island Emerald Doves: likely to show a negative response 
Christmas Island Imperial Pigeons: neutral, unlikely to be affected 
Supporting evidence 
148 
 
See Strategy 4 Frugivorous land birds’ responses for the responses of the dove and the pigeon. 
Strategy 5 Insectivorous land birds’ responses 
Expected responses 
Christmas Island Thrushes: likely to show a negative response 
Christmas Island White-eyes: likely to show a negative response 
Supporting evidence 
See Strategy 4 Insectivorous land birds’ responses for the responses of the goshawks and hawk-
owls. 
Strategy 5 Mammals’ responses 
Expected responses 
Christmas Island Flying-foxes: slightly likely to show a negative response 
Supporting evidence 
See Strategy 4 Mammals’ responses for the flying-fox. 
Strategy 5 Reptiles’ responses 
Expected responses 
Christmas Island Giant Geckos: likely to show a negative response 
Supporting evidence 
See Strategy 4 Reptiles’ responses for the gecko. 
Strategy 6 Forest cat baiting 
This strategy will have no effects on Town species in the Town network. This strategy is estimated 
to cost $150,000 p.a. but needs ongoing control efforts (baiting is unlikely to completely remove 
cats). Since baiting is less effective than eradication, the species threatened by cats will gain less 
benefit from baiting compared with eradication. The rats will still be present in Forest area as a 
threat. 
Strategy 6  Seabirds’ responses 
Expected responses 
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Red-tailed Tropicbirds: highly likely to show a negative response 
White-tailed Tropicbirds: uncertain 
Brown Boobies: likely to show a positive response 
Supporting evidence 
As they are only present in the Town area, Red-tailed Tropicbirds benefit little from this strategy 
and will be negatively affected by cats and rats in Town region (see Strategy 1 Seabirds’ 
responses). It is not possible to predict the trend of the whole White-tailed Tropicbird population as 
it is present in both Town and Forest regions but the spatial distribution is unknown (see Strategy 4 
Seabirds’ responses). The Brown Booby will benefit from this strategy but there are potential risks 
of rat release and persistent impact from cats remained in the Forest (see Strategy 1 and 3 Seabirds’ 
responses).  
Strategy 6 Birds of prey’s responses 
Expected responses 
Christmas Island Goshawks: likely to show a positive response 
Christmas Island Hawk-owls: neutral, unlikely to be affected 
Supporting evidence 
Cat baiting may indirectly benefit the goshawk through an increase in native prey; and rats as a food 
resource will be still available (Strategy 1 and 3 Birds of prey’s responses). Overall, it is likely the 
goshawk will benefit from this management strategy. 
As discussed in Strategy 1 and 2 Birds of prey’s responses, cat and rat managements have little 
influence on the hawk-owl population. 
Strategy 6 Frugivorous land birds’ responses  
Expected responses 
Christmas Island Emerald Doves: slightly likely to show a positive response 
Christmas Island Imperial Pigeons: neutral, unlikely to be affected 
Supporting evidence 
Given the risks of rat release and cat persistence, this strategy may only slightly likely to benefit the 
dove population (see Strategy 1 Frugivorous land birds’ responses). 
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This management strategy may have little benefit to the pigeon due to its canopy feeding behavior 
(see Strategy 1 Frugivorous land birds’ responses). 
Strategy 6 Insectivorous land birds’ responses 
Expected responses 
Christmas Island Thrushes: slightly likely to show a positive response 
Christmas Island White-eyes: slightly likely to show a positive response 
Supporting evidence 
Given the risks of rat release and cat persistence, uncertainties exist how much benefit these species 
will get from cat baiting. I predict that this strategy may be only slightly likely to benefit the 
populations of both species (see Strategy 1 and 2 Insectivorous land birds’ responses). 
Strategy 6 Mammals’ responses 
Expected responses 
Christmas Island Flying-foxes: slightly likely to show a positive response 
Supporting evidence 
Cats may still persist to a certain extent and the benefits may not be significant with other threats 
still present (see Strategy 1 Mammals’ responses). 
Strategy 6 Reptiles’ responses  
Expected responses 
Christmas Island Giant Geckos: slight likely to show a negative response 
Supporting evidence 
Cats may still persist to a certain extent and the benefits may not be significant with other threats 
still present (see Strategy 1 Reptiles’ responses). 
Strategy 7 A combination of (4) and (6) with Town cat removal and Town rat baiting as well as 
Forest cat baiting 
This strategy is aimed at both the Town and Forest areas. It requires a higher ongoing cost 
($240,000 p.a.) since baiting is unlikely to completely remove cats and rats. 
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Strategy 7  Seabirds’ responses 
Expected responses 
Red-tailed Tropicbirds: highly likely to show a positive response 
White-tailed Tropicbirds: likely to show a positive response  
Brown Boobies: likely to show a positive response 
Supporting evidence 
Removal of cats with rat baiting in Town area is highly likely to benefit the Red-tailed Tropicbird 
(see Strategy 4 Seabirds’ responses). The White-tailed Tropicbird is also likely to respond 
positively since both Town and Forest populations are managed yet there is a potential impact from 
remaining cats and rats in Forest region (see Strategy 4 and 6 Seabirds’ responses). The Brown 
Booby will benefit from this strategy but there are potential risks from remaining cats and rats (see 
Strategy 6 Seabirds’ responses). 
Strategy 7 Birds of prey’s responses 
Expected responses 
Christmas Island Goshawks: likely to show a positive response 
Christmas Island Hawk-owls: neutral, unlikely to be affected 
Supporting evidence 
Combining both Forest and Town managements, it is likely the goshawk will benefit from this 
management strategy (see Strategy 4 and 6 Birds of prey’s responses). 
As discussed in Strategy 1 and 2 Birds of prey’s responses, cat and rat management has little 
influence on the hawk-owl population. 
Strategy 7 Frugivorous land birds’ responses  
Expected responses 
Christmas Island Emerald Doves: slightly likely to show a positive response 
Christmas Island Imperial Pigeons: neutral, unlikely to be affected 
Supporting evidence 
This strategy is slightly likely to benefit the dove population (see Strategy 6 Frugivorous land 
birds’ responses). 
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This management strategy may have little benefit to the pigeon due to its canopy feeding behavior 
(see Strategy 1 Frugivorous land birds’ responses). 
Strategy 7 Insectivorous land birds’ responses 
Expected responses 
Christmas Island Thrushes: slightly likely to show a positive response 
Christmas Island White-eyes: slightly likely to show a positive response 
Supporting evidence 
This strategy is slightly likely to benefit the populations of both species (see Strategy 6 
Insectivorous land birds’ responses). 
Strategy 7 Mammals’ responses 
Expected responses 
Christmas Island Flying-foxes: slightly likely to show a positive response 
Supporting evidence 
Cats may still persist to a certain extent and the benefits may not be significant with other threats 
still present (see Strategy 1 Mammals’ responses). 
Strategy 7 Reptiles’ responses  
Expected responses 
Christmas Island Giant Geckos: slightly likely to show a negative response 
Supporting evidence 
Cats may still persist to a certain extent and the benefits may not be significant with other threats 
still present (see Strategy 1 Reptiles’ responses). 
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Appendix 3.3 Key evidence and supporting literature 
Table 3.A.1 A summary of evidence for cat abundance and diet on Christmas Island. 
Resource Abundance 
Sample Size 
(dietary study only) 
Dietary study  
(Proportion by weight where available) 
Yorkston 
(1981)* 
 
0.13/km - - 
Tidemann 
(1989)* 
 
0.3/km - - 
Tidemann et 
al. (1994) 
- 93 gut/scat Black rats: 45% 
Christmas Island imperial pigeon: 28% 
Christmas Island flying-fox: 21% 
Van der Lee 
and Jarman 
(1996) * 
 
0.19/km 19 stomachs Native reptiles (including the Giant 
Gecko): 30–40 % 
Invertebrates: ~30–40% 
Majority of the stomachs contained 
mammal hairs, presumably black rats 
Algar and 
Brazall (2003) 
0.15/km - - 
Corbett et al. 
(2003)* 
- 92 scats Black rats 
Grasshoppers  
Various bird species. 
Algar and 
Brazall 
(2005)* 
 
- 17stomachs  Predominantly grasshoppers  
A number of terrestrial bird species. 
* These works are cited in Algar and Johnston (2010). 
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Table 3.A.2 Supporting literature identifying the population status, habitat needs, threats and threat 
abatement strategies of species of conservation concern, or identifying the population status, 
ecology and potential impacts of the introduced or self-introduced non-native species on Christmas 
Island. 
Species Key messages Supporting Evidence 
Red-tailed 
Tropicbird 
(Phaethon 
rubricauda 
westralis) 
Population 
status* 
Estimated population: 1400–2000 
breeding pairs 
Stokes (1988) cited in 
Beeton et al. (2010), 
James and McAllan 
(2014) 
Habitat 
and 
ecology 
This species breeds in tree hollows and 
rock crevices on terraces, making the 
eggs and chicks vulnerable to predation 
by cats and rats. 
Clark et al. (1983) 
Major 
threats 
Severe predation by cats on chicks on 
Christmas Island.  Two surveys found 
high chick mortality (100% and 96% 
respectively) from cat predation. 
Ishii (2006) cited in 
Garnett et al. (2010) 
 Chicks and eggs could be taken by rats. Algar and Johnston 
(2010),  
Low et al. (2013) 
 Evidence from other ecosystems: 
approximately half of the total number of 
chicks were killed by Pacific Rats (Rattus 
exulans), on Kure Atoll, Hawaii. 
Fleet (1972) 
Threat 
abatement 
Nesting success increased by 65.8% after 
cat baiting along the shoreline of the 
town area. 
Algar et al. (2012) 
White-tailed 
Tropicbird 
(Phaethon 
lepturus) 
Golden Bosun 
(phaethon 
lepturus fulvus) 
Population 
status 
Estimated population: 12,000–24,000 
breeding birds in 1998 
Dunlop (1988) cited 
in Garnett et al. 
(2010) 
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Table 3.A.2 continued 
Species Key messages Supporting Evidence 
White-tailed 
Tropicbird 
(Phaethon 
lepturus) 
Golden Bosun 
(phaethon 
lepturus fulvus) 
Population 
status 
The degree of decline remains unknown, 
but the population seems to be lower than 
observations in 1980s. The current 
population is estimated to be fewer than 
10, 000, yet requires new population 
assessment to validate. 
Department of the 
Environment (2014d) 
 Habitat This species breeds in tree hollows in 
rainforest, and appears more common on 
the upper terraces than on the shore 
terrace. 
Department of the 
Environment (2014e) 
 Major 
threats  
Predation of nestlings by cats. Eggs could 
be taken by rats. 
Department of the 
Environment (2014d),  
Stokes (1988) cited in 
Beeton et al. (2010) 
Threat 
abatement 
Evidence from other ecosystems: this 
species recolonised on the mainland of 
Ascension Island after cat eradication and 
increased through time (from one 
individual in 2002 to 25 individuals in 
2007). 
Ratcliffe et al. (2010) 
Brown Booby 
(Sula 
leucogaster) 
Population 
status 
Estimated population: about 5000 
breeding pairs, yet supporting data is 
required. This species is not considered 
as threatened globally. 
Stokes (1988) cited in 
Beeton et al. (2010),  
James and McAllan 
(2014) 
 
 
Habitat: The brown booby nests on the ground at 
the edge of the shore terrace and inland 
cliffs. 
James and McAllan 
(2014) 
 Threats  Chicks at risk from cat predation, as cat 
scats are frequently found in the colonies. 
Stokes (1988) cited in 
James and McAllan 
(2014) 
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Table 3.A.2 continued 
Species Key messages Supporting Evidence 
Brown Booby 
(Sula 
leucogaster) 
Threat 
abatement 
Evidence from other ecosystems: this 
species increased from six individuals to 
29 individuals on the mainland of 
Ascension Island after cat eradication. 
Ratcliffe et al. (2010) 
Christmas 
Island 
Goshawk 
(Accipiter 
hiogaster 
natalis) 
Population 
status 
The population size of this species is very 
small, estimated to be fewer than 250 
individuals 
Beeton et al. (2010) 
 There are no detailed population 
estimates. The total population size may 
be as few as 100 adults. 
 
Hill (2004a) 
 
Habitat 
and 
ecology 
This species mainly inhabits suitable tall 
trees in native rainforest. 
 
Department of the 
Environment (2014a) 
  This species feeds on a variety of species 
on Christmas Island including white-
eyes, thrushes, doves, domestic chickens, 
tropicbirds, rats, reptiles and 
invertebrates. 
Hill (2004a) 
 Threats  The goshawk is particularly vulnerable 
given the low population. Threats include 
by habitat loss, impacts of Yellow Crazy 
Ants, inbreeding depression and risks of 
natural catastrophe.  
Hill (2004a) 
Christmas 
Island Hawk-
owl 
(Ninox natalis) 
Population 
status 
Population estimated in 1994–1998: 
about 820–1200 birds.  
Hill and Lill (1998) 
Hill (2004b) 
 A recent study showed the population of 
this species was significantly 
overestimated by previous studies (e.g. 
Hill and Lill (1998)). Further research is 
needed to estimate the population size 
and trends. 
Low and Hamilton 
(2013) 
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Table 3.A.2 continued 
Species Key messages Supporting Evidence 
Christmas 
Island Hawk-
owl 
(Ninox natalis) 
Habitat 
and 
ecology 
The habitat of this species ranges from 
forests on the coastal and inland terraces, 
to secondary vegetation. 
James and McAllan 
(2014) 
  This nocturnal species is primarily 
insectivorous, feeding on invertebrates 
such as tree crickets (Gryllacris 
rufovaria) and beetles (Coleoptera). It 
was also recorded eating vertebrates 
including rats and geckos.  
Hill and Lill (1998) 
Hill (2004b) 
  This species forages in the Town for a 
number of introduced species, including 
Asian House Geckos (Hemidactylus 
frenatus), cockroaches (Periplaneta 
Americana) and rats. 
Low and Hamilton 
(2013) 
 Threats  The species is vulnerable given the small 
population size. Habitat loss and Yellow 
Crazy Ants are considered as major 
threats. The hawk-owl may roost close to 
the ground, increasing exposure to the 
risk of cat predation. 
Hill (2004b) 
Christmas 
Island 
Emerald Dove 
(Chalcophaps 
indica natalis) 
Population 
status 
Estimated population: 900–3,500 
individuals (by distance sampling) 
 
Corbett et al. (2003) 
cited in James and 
McAllan (2014) 
 This species is regarded as a common 
endemic subspecies. 
James and McAllan 
(2014) 
Habitat 
and 
ecology 
This species is a habitat generalist, which 
nests in most forest habitats on Christmas 
Island. This species usually forages on 
the ground for fallen fruits and seeds. 
Department of the 
Environment (2014b) 
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Table 3.A.2 continued 
Species Key messages Supporting Evidence 
Christmas 
Island 
Emerald Dove 
(Chalcophaps 
indica natalis) 
Threats  The Yellow Crazy Ants are thought to be 
the primary threat to the Emerald Dove. 
They reduce the availability of suitable 
breeding habitat and disturb foraging, yet 
it remains arguable whether this 
introduced species has already led / will 
lead to a substantial population reduction 
in Emerald Doves.  
James and McAllan 
(2014),  
Davis et al. (2008), 
Davis et al. (2010) 
  Predation by cats and possibly rats may 
have impacts on this species, yet the 
extent of the impact remains unclear. 
James and McAllan 
(2014) 
Threatened Species 
Scientific Committee 
(2014a) 
Christmas 
Island 
Imperial 
Pigeon 
(Ducula 
whartoni) 
Population 
status 
Estimated population: 35,000–66,000 
individuals (by distance sampling)  
Corbett et al. (2003) 
cited in James and 
McAllan (2014) 
  This species is regarded as an abundant 
endemic species. 
James and McAllan 
(2014) 
 Habitat 
and 
ecology 
This species occurs throughout the island, 
and mainly inhabits in the forest on the 
island plateau. 
Threatened Species 
Scientific Committee 
(2006a) 
  The pigeon feeds on fruit in canopy and 
occasionally descends to the ground to 
feed and drink. 
James and McAllan 
(2014) 
 Threats  A dietary study found that the pigeon 
occurred in 9% of the cats examined. 
Tidemann et al. 
(1994) 
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Table 3.A.2 continued 
Species Key messages Supporting Evidence 
Christmas 
Island Thrush 
(Turdus 
poliocephalus 
erythropleurus) 
Population 
status 
There are no reliable estimates. The most 
recent estimate of population is 20,000–
50,000 individuals (by distance 
sampling), yet this estimate is suggested 
to be unreliable. An estimate of 15,000 
individuals is also commonly used. 
Corbett et al. (2003) 
cited in James and 
McAllan (2014),  
James and McAllan 
(2014),  
Department of the 
Environment (2014f) 
 
Habitat 
and 
ecology 
This species inhabits most habitats on the 
island. 
Department of the 
Environment (2014f) 
  The thrush forages primarily on the forest 
floor and in understory vegetation. 
James and McAllan 
(2014),  
 Threats  The Yellow Crazy Ant is thought to be 
the major threat to this species, by 
reducing habitat availability, disturbing 
foraging and directly attacking injured 
individuals, but there is no evidence of 
detectable impact of the ant on the thrush. 
James and McAllan 
(2014),  
Davis et al. (2008), 
Davis et al. (2010) 
  This species is under threat of predation 
by cats and rats. 
Stokes (1988) cited in  
James and McAllan 
(2014) 
  Evidence from other ecosystems: Rattus 
rattus led to extinctions of five terrestrial 
birds on Lord Howe Island including a 
thrush species (Turdus poliocephalus 
vinitinctus) and a species from the 
Zosterops genus (Zosterops strenua). 
Hutton et al. (2007) 
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Table 3.A.2 continued 
Species Key messages Supporting Evidence 
Christmas 
Island White-
eye 
(Zosterops 
natalis) 
Population 
status 
Estimated population: 20,000 individuals Threatened Species 
Scientific Committee 
(2006b) 
Habitat 
and 
ecology 
This species is common all forest habitats 
and forages from forest floor to canopy  
Threatened Species 
Scientific Committee 
(2006b) 
 
 
Threats  The Yellow Crazy Ant is suspected to be 
a threat through habitat transformation, 
but no direct impacts have been 
measured. 
Threatened Species 
Scientific Committee 
(2006b) 
  Predation by cats and possibly rats poses 
a risk. 
Stokes (1988) cited in  
James and McAllan 
(2014),  
Beeton et al. (2010) 
  Evidence from other ecosystems: Rattus 
rattus led to extinctions of five terrestrial 
birds on Lord Howe Island including a 
thrush species (Turdus poliocephalus 
vinitinctus) and a species from the 
Zosterops genus (Zosterops strenua). 
Hutton et al. (2007) 
Christmas 
Island flying-
fox 
(Pteropus 
natalis) 
Population 
status 
Estimated population: 331–1,469 
individuals 
This species has undergone a dramatic 
decline. One study reported the 
population had declined 39% between 
sampling in 2006 and 2012. 
Threatened Species 
Scientific Committee 
(2014c),  
Director of National 
Parks (2014b),  
Woinarski et al. 
(2014) 
 
Habitat 
and 
ecology 
This species forages mainly in the forest, 
but also occurs in gardens and mines 
rehabilitated with native vegetation 
communities. 
Threatened Species 
Scientific Committee 
(2014c) 
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Table 3.A.2 continued 
Species Key messages Supporting Evidence 
Christmas 
Island flying-
fox 
(Pteropus 
natalis) 
Threats  Threats to this species includes habitat 
loss, pollution due to phosphate mining, 
predation by feral cats and indirect 
impacts from Yellow Crazy Ants. The 
major cause of the population decline is 
not precisely known. The decline is 
possibly the result of a combination of a 
number of threats. 
Threatened Species 
Scientific Committee 
(2014c) 
  A dietary study reported that the flying-
fox occurred in 10% of cats examined. 
Tidemann et al. 
(1994) 
Giant Gecko 
(Cyrtodactylus 
sadleiri) 
Population 
status 
No estimates of the total population size 
are available. 
Threatened Species 
Scientific Committee 
(2014b) 
  Although this species is still readily 
found on the island, sampling suggests its 
population has declined dramatically. 
Beeton et al. (2010) 
Threatened Species 
Scientific Committee 
(2014b) 
 
 
Habitat 
and 
ecology 
The Giant Gecko mainly occurs in the 
forest on the plateau of the island and 
feeds on small invertebrates among the 
forest understory. 
Threatened Species 
Scientific Committee 
(2014b) 
 Threats  There are multiple threats to this species 
including habitat loss, disease, and 
predation and competition of introduced 
species. Potential predators include cats, 
rats, the introduced Asian wolf snakes 
(Lycodonaulicus capucinus) and the 
introduced giant centipedes (Scolopendra 
subspinipes). Disturbance by introduced 
geckos and Yellow Crazy Ants may also 
affect this species. 
Threatened Species 
Scientific Committee 
(2014b) 
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Table 3.A.2 continued 
Species Key messages Supporting Evidence 
Black rat 
(Rattus rattus) 
Population The rat may be more abundant than 
previous studies suggested. Christmas 
Island rats have a much smaller home 
range compared with those in a similar 
ecosystem (Hawaii), suggesting the rat 
density is relatively high.  
Low et al. (2013); 
 
 Ecology The unique large population of the land 
crabs on Christmas Island may play a 
role to limit the rat numbers, through 
either competition for food resources 
and/or predation on rat nestlings. 
Algar and Johnston 
(2010) 
 Impacts Rats pose a significantly threat to the 
native seabird populations, especially the 
two tropicbird species, and also affect a 
number of land birds such as the Emerald 
Dove, the thrush, and the white-eye. 
Beeton et al. (2010) 
Nankeen 
Kestrel 
(Falco 
cenchroides) 
Ecology A self-introduced species, which is 
considered to be widespread on the 
island. This species feeds on Giant 
Grasshoppers (Valanga irregularis) (97% 
of total items) with a small number of 
other insects.  
Schulz and Lumsden 
(2009) 
  This species has been observed to prey 
on rats, yet it remains unclear whether 
this predation is opportunistic. 
Dion Maple, personal 
communication 
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Appendix 4.1 The Boolean Minimization method 
Step 1: Identifying unobserved patterns 
Consider a model in which the direction of change in the population sizes of three species — A, B, 
and C — are recorded in response to control of cats. Imagine that an exhaustive search of the 
parameter space is performed, and three combinations of responses are never observed: 
1. A, B, and C simultaneously have a positive response to cat control,  
2. A has a positive response to cat control, B has a negative response to cat control, and C has 
a negative response to cat control, and 
3. A has a positive response to cat control, B has a positive response to cat control, and C has a 
negative response to cat control. 
The complete truth table describing the species responses to cat control is as follows. For an 
individual species X, the positive response is denoted as x and negative response is denoted as x’ (X 
indicates species A, B or C). Combinations which have been observed are encoded as ‘1’ or ‘true’ 
and combinations which have never been observed are encoded as ‘0’ or ‘false’. 
A B C Observed 
a’ b’ c’ 1 
a’ b’ c 1 
a’ b c’ 1 
a’ b c 1 
a b’ c’ 0 
a b’ c 1 
a b c’ 0 
a b c 0 
Step2: Enumerating UCPs from unobserved patterns 
A Boolean minimization on the table (with ‘-’ indicating irrelevant responses) for combinations that 
have never been observed results in: 
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A B C Observed 
a - c’ 0 
a b c 0 
The elimination of the response of B in the first row is the result of the Boolean algebra: 
(a ˄ b’ ˄ c’) ˅ (a ˄ b ˄ c’) = a ˄ c’ ˄ (b’ ˅ b) 
    = a ˄ c’  
The minimized table gives us a minimal description of the combinations of responses that are never 
observed. There are two: 
1. A, B, and C simultaneously have a positive response to cat control (combination abc), and  
2. A has a positive response to cat control and C has a negative response to cat control 
(combination ac’). 
Each of these minimal combinations of never-observed responses, known as ultimate canonical 
projections (UCPs).  Several algorithms allow for enumerating all UCP, and here we use Espresso 
algorithm with the Python module PyEDA. 
Step 3: Constructing implications based on UCPs 
Each UCP can be turned into 2k- 2 equivalent implication rules, where k is the number of responses 
in the UCP.  
For example, given the UCP ac’, we have 
a ˄ c’ = 0, which implies 
a → ¬ (c’) ⇒ a → c or 
c’ → ¬ a ⇒ c’ → a’ 
Therefore, for the UCP ac’, the implication rules are: 
1. a → c, 
2. c’ → a’, 
which can be interpreted as: 
1. if A has a positive response to cat control, then C will have a positive response to cat control 
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2. if C has a negative response to cat control, then A will have a negative response to cat control 
For the UCP abc the implication rules are: 
1. b ˄ c → a’ 
2. a → b’ ˅ c’ 
3. a ˄ c → b’ 
4. b → a’ ˅ c’ 
5. a ˄ b → c’ 
6. c → a’ ˅ b’ 
which can be interpreted as: 
1. if B has a positive response to cat control and C has a positive response to cat control then A 
will have a negative response to cat control 
2. if A has a positive response to cat control then B will have a negative response to cat control or 
C will have a negative response to cat control 
3. etc. 
Thus the entire response behavior of the species in the model can be completely and succinctly 
described by the set of UCP or, equivalently, by a set of logical implications where each implication 
rule corresponds to one UCP. Implications that have ease-of-interpretation and intuitive appeal can 
be selected to inform real ecological problems (Degenne and Lebeaux 1996). 
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Appendix 4.2 Information of the nodes of the ecological networks 
Table 4.A.1 Focal species and functioning species presented in the ecological networks. 
Information includes common and scientific name, category (native, endemic or introduced) to 
Christmas Island, role in network (focal or functioning), and habitat (F indicates forest and T 
indicates town). 
Species Name 
Name in 
figures 
Category 
Role in 
network 
Habitat 
Red-tailed Tropicbird 
(Phaethon rubricauda westralis) 
Tropicbirds (R) 
* 
Native Focal T 
White-tailed Tropicbird 
(Phaethon lepturus) 
(Phaethon lepturus fulvus) 
Tropicbirds (W) Endemic Focal F, T 
Brown Booby 
(Sula leucogaster) 
Brown Boobies Native Focal F 
Christmas Island Goshawk 
(Accipiter hiogaster natalis) 
Goshawks Endemic Focal F, T 
Christmas Island Hawk-owl 
(Ninox natalis) 
Hawk-owls Endemic Focal F, T 
Christmas Island Emerald Dove 
(Chalcophaps indica natalis) 
 
Frugivorous 
birds ** 
Endemic Focal F 
Christmas Island Imperial Pigeon 
(Ducula whartoni) 
Endemic Focal F 
Christmas Island Thrush 
(Turdus poliocephalus erythropleurus) 
Thrushes Endemic Focal F 
Christmas Island white-eye 
(Zosterops natalis) 
White-eyes Endemic Focal F 
Christmas Island flying-fox 
(Pteropus melanotus natalis) 
Flying-foxes Endemic  Focal F, T 
Giant Gecko 
(Cyrtodactylus sadleiri) 
Geckos Endemic Focal F 
Nankeen Kestrel 
(Falco cenchroides) 
Kestrels Self-
introduced 
Functioning F, T 
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Table 4.A.1 continued     
Species Name 
Name in 
figures 
Category 
Role in 
network 
Habitat 
Feral Chicken 
(Gallus gallus domesticus) 
Feral chickens Introduced Functioning F, T 
Red crabs 
(Gecarcoidea natalis) 
Crabs Endemic Functioning F, T 
* In the Town Network, the nodes of Red-tailed Tropicbirds (Tropicbirds (R)) and White-tailed 
Tropicbirds (Tropicbirds (W)) are lumped into one node as Tropicbirds (B). 
** In the Forest Network, the nodes of the Christmas Island Emerald Dove and the Christmas Island 
Imperial Pigeon are lumped into one node as ‘Frugivorous birds’. 
 
Table 4.A.2 Food resource nodes presented in the ecological networks. Information includes node 
name, description and the habitat where a node occurs (F indicates forest and T indicates town). 
Node name Description Habitat 
Insect resources (diurnal) Insect resources consumed by diurnal species F, T 
Insect resources (nocturnal) Insect resources consumed by nocturnal species F, T 
Fruit resources (canopy) Fruit resources in canopy F 
Fruit resources (ground) Fruit resources on ground F 
Cultivated produce (ground) Cultivated produce on ground T 
Cultivated produce (above-
ground) 
Cultivated resource (i.e. fruits) above-ground  T 
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Appendix 4.3 Outcomes of the probabilistic approach for the Town network 
Species response in the Town network was subject to the same problem of sizeable uncertainty. For 
the scenario of cat control only, the support for positive responses (grey bar including solid and 
striped grey) of goshawks and flying-foxes were more than 75%, while the positive responses of the 
two tropicbirds and hawk-owls were less supported. For the scenario of cat and rat control, the 
support for positive responses to both controls (solid grey) for all species were less than 50% (less 
than 20% for hawk-owls); and around 50% of the responses involved opposite signs (striped grey 
and striped black), indicating sizeable uncertainties in predicting species’ responses. 
 
Figure 4.A.1 Aggregated responses of native species to cat control alone and combined cat and rat 
control for the Town network. For cat control alone, the grey bar (solid and striped) represents 
positive response and the black bar (solid and striped) represents negative responses. For combined 
cat and rat control, species showed four categories of responses: positive responses to both cat and 
rat control (solid grey); negative responses to both cat and rat control (solid black); positive 
responses to cat control and negative responses to rat control (striped grey); and negative responses 
to cat control and positive responses to rat control (striped black). 
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Appendix 4.4 Implication rules for all web variations and for different scenarios 
Appendix 4.4.1 Response rules for cat control only for all web variations 
 
 
Figure 4.A.2 Response rules for cat control only: (a) all web variations (the full web, no interaction 
between rats and crabs, no interaction between rats and kestrels, and no interaction between rats and 
kestrels or rats and crabs) in the Forest network; and (b) all web variations (the full web, no 
interaction between rats and crabs, no interaction between rats and kestrels, and no interaction 
between rats and kestrels or rats and crabs) in the Town network. 
(a) 
(b) 
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Appendix 4.4.2 Response rules for rat control only for all web variations 
 
 
 
Figure 4.A.3 Response rules for rat control only responses: (a) three web variations (full Forest 
web, no interaction between rats and crabs in the Forest network, and no interaction between rats 
and kestrels or rats and crabs in the Forest network), (b) no interaction between rats and kestrels in 
forest network, and (c) all web variations in the Town network. 
(a) 
(c) 
(b) 
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Appendix 4.4.3 Response rules when cat control has a positive effect on rats and rat control has a 
negative effect on cats for all Forest network variations 
 
 
 
 
 
Figure 4.A.4 Response rules when cat control has a positive effect on rats and rat control has a 
negative effect on cats for Forest network variations: (a) no interaction between rats and kestrels, 
(b) no interaction between rats and crabs, and (c) no interaction between rats and kestrels or rats and 
crabs. 
(b) 
(c) 
(a) 
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Appendix 4.4.4 Response rules when cat control has a positive effect on rats and rat control has a negative effect on cats for the full Forest web 
We find that, for all but the potential negative effect on white-eyes, the negative effects of rat control also guarantee a positive effect for at least one 
species of concern (Figure 4.A.5). For example, for a longer rule Cat_-White-eyes ∧ Cat_+Frugivorous birds → Rat_+Thrushes ∨ Rat_+ Frugivorous 
birds ∨ Rat_-Gecko, one possible implication is that if cat control has a negative effect on white-eyes and a positive effect on frugivorous birds, then 
rat control will have a negative effect on geckos. However, by the rule TRUE → Rat_+Geckos ∨ Rat_+Hawk-owls (‘TRUE’ indicated the scenario 
‘Positive effect of cat control on rats, negative effect of rat control on cats’) (Figure 4.4a in Chapter 4), which can also be expressed as TRUE ∧ Rat_-
Geckos → ∨ Rat_+Hawk-owls according to Boolean algebra, the negative effect of rat control on geckos implies a positive effect on hawk-owls. 
 
Figure 4.A.5 Response rules when cat control has a positive effect on rats and rat control has a negative effect on cats for the full Forest web (rules up 
to length 6). Only response rules involving a negative rat-control outcome are shown here. 
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Appendix 4.4.5 Response rules when cat control has a positive effect on rats and rat control has a 
positive effect on cats for all Town network variations 
 
 
 
 
Figure 4.A.6 Response rules when cat control has a positive effect on rats and rat control has a 
positive effect on cats for all Town network variations (rules up to length 5): (a) no interaction 
between rats and kestrels, (b) no interaction between rats and crabs, and (c) no interaction between 
rats and kestrels or rats and crabs. 
(b) 
(c) 
(a) 
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Appendix 4.4.6 Response rules for the scenario when cat control has a negative effect on the rat 
population 
For completeness, we also considered the combined cat and rat control implication rules for the 
scenario in which cat control decreases the rat population. When cat control has a negative effect on 
rats and rat control has a negative effect on cats, for both Town and Forest networks the rules 
predict a positive effect of rat control upon at least one species of concern with two exceptions 
(Figure 4.A.7). First, for the rules involving feral chicken, one of the possible predictions is that 
only chicken show positive response while other species do not. The other exception rule exists for 
the negative effect of rat control upon the hawk-owl contingent upon the negative effect of cat 
control upon the same species (Figure 4.A.7b and Figure 4.A.8b). When cat control has a negative 
effect on rats and rat control has a positive effect on cats, only one rule involving the frugivorous 
birds and the goshawk is found for the Forest network, indicating all combinations of the other 
species are possible in the model (Figure 4.A.8a).  
 
 
 
 
Figure 4.A.7 Response rules when cat control has a negative effect on rats and rat control has a 
negative effect on cats for (a) the full Forest network, and (b) the full Town network. 
(a) 
(b) 
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Figure 4.A.8 Response rules when cat control has a negative effect on rats and rat control has a 
positive effect on cats for (a) the full Forest network, and (b) the full Town network. 
(b) 
(a) 
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Appendix 5.1 Probability tables of the nodes in the Bayesian Network model 
Table 5.A.1 Estimates (i.e. the prior probability tables) of the input nodes ‘Poa coverage’, ‘Poa 
extent’ and ‘natural habitat to be managed’. 
Node: Poa coverage  
Low Medium High 
85.00 14.00 1.00 
   
Node: Poa extent  
Low Medium High 
5.00 30.00 65.00 
   
Node: Natural habitat to be managed  
Low Medium High 
8.00 20.00 72.00 
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Table 5.A.2 The conditional probability table for node ‘Poa management outcome’ in the BN 
model. 
 
Level of Poa management 
outcome 
Node: Poa 
extent 
Node: Poa 
coverage 
Node: management 
alternatives 
No Low High 
Low Medium Do nothing 12.54 19.40 68.06 
Low Medium Herbicide 25.12 16.96 57.92 
Low Medium Herbicide digging 50.45 17.60 31.95 
Low Medium Bulldozer 67.34 18.40 14.26 
Low Medium Steaming 25.12 16.40 58.48 
Low High Do nothing 10.79 19.90 69.31 
Low High Herbicide 23.70 14.41 61.89 
Low High Herbicide digging 49.68 15.85 34.47 
Low High Bulldozer 67.01 17.65 15.34 
Low High Steaming 23.70 13.15 63.15 
Low Low Do nothing 10.00 20.00 70.00 
Low Low Herbicide 23.05 13.90 63.05 
Low Low Herbicide digging 49.34 15.50 35.16 
Low Low Bulldozer 66.86 17.50 15.64 
Low Low Steaming 23.05 12.50 64.45 
Medium Medium Do nothing 3.87 15.40 80.73 
Medium Medium Herbicide 18.06 37.36 44.58 
Medium Medium Herbicide digging 46.65 31.60 21.75 
Medium Medium Bulldozer 65.71 24.40 9.89 
Medium Medium Steaming 18.06 42.40 39.54 
Medium High Do nothing 1.89 10.90 87.21 
Medium High Herbicide 16.46 60.31 23.23 
Medium High Herbicide digging 45.78 47.35 6.87 
Medium High Bulldozer 65.34 31.15 3.51 
Medium High Steaming 16.46 71.65 11.89 
Medium Low Do nothing 1.00 10.00 89.00 
Medium Low Herbicide 15.73 64.90 19.37 
Medium Low Herbicide digging 45.39 50.50 4.11 
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Table 5.A.2 continued  
 
Level of Poa management 
outcome 
Node: Poa 
extent 
Node: Poa 
coverage 
Node: management 
alternatives 
No Low High 
Medium Low Bulldozer 65.17 32.50 2.33 
Medium Low Steaming 15.73 77.50 6.77 
High Medium Do nothing 3.00 15.00 82.00 
High Medium Herbicide 17.36 39.40 43.24 
High Medium Herbicide digging 46.27 33.00 20.73 
High Medium Bulldozer 65.54 25.00 9.46 
High Medium Steaming 17.36 45.00 37.64 
High High Do nothing 1.00 10.00 89.00 
High High Herbicide 15.73 64.90 19.37 
High High Herbicide digging 45.39 50.50 4.11 
High High Bulldozer 65.17 32.50 2.33 
High High Steaming 15.73 77.50 6.77 
High Low Do nothing 0.10 9.00 90.90 
High Low Herbicide 15.00 70.00 15.00 
High Low Herbicide digging 45.00 54.00 1.00 
High Low Bulldozer 65.00 34.00 1.00 
High Low Steaming 15.00 84.00 1.00 
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Table 5.A.3 The conditional probability table for node ‘habitat recovery potential’ in the BN model. 
 
Level of Habitat recovery 
potential 
Node: Poa 
coverage 
Node: Poa management 
outcome 
Node: management 
alternatives 
Poor High 
Low No Do nothing 13.78 86.22 
Low No Herbicide 13.07 86.93 
Low No Herbicide digging 13.31 86.69 
Low No Bulldozer 13.78 86.22 
Low No Steaming 13.07 86.93 
Low Low Do nothing 47.50 52.50 
Low Low Herbicide 40.47 59.53 
Low Low Herbicide digging 42.81 57.19 
Low Low Bulldozer 47.50 52.50 
Low Low Steaming 40.47 59.53 
Low High Do nothing 70.00 30.00 
Low High Herbicide 58.75 41.25 
Low High Herbicide digging 62.50 37.50 
Low High Bulldozer 70.00 30.00 
Low High Steaming 58.75 41.25 
Medium No Do nothing 14.41 85.59 
Medium No Herbicide 13.58 86.42 
Medium No Herbicide digging 13.86 86.14 
Medium No Bulldozer 14.41 85.59 
Medium No Steaming 13.58 86.42 
Medium Low Do nothing 53.75 46.25 
Medium Low Herbicide 45.55 54.45 
Medium Low Herbicide digging 48.28 51.72 
Medium Low Bulldozer 53.75 46.25 
Medium Low Steaming 45.55 54.45 
Medium High Do nothing 80.00 20.00 
Medium High Herbicide 66.88 33.13 
Medium High Herbicide digging 71.25 28.75 
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Table 5.A.3 continued 
 
Level of Habitat recovery 
potential 
Node: Poa 
coverage 
Node: Poa management 
outcome 
Node: management 
alternatives 
Poor High 
Medium High Bulldozer 80.00 20.00 
Medium High Steaming 66.88 33.13 
High No Do nothing 15.00 85.00 
High No Herbicide 14.06 85.94 
High No Herbicide digging 14.38 85.63 
High No Bulldozer 15.00 85.00 
High No Steaming 14.06 85.94 
High Low Do nothing 60.00 40.00 
High Low Herbicide 35.39 64.61 
High Low Herbicide digging 36.41 63.59 
High Low Bulldozer 42.50 57.50 
High Low Steaming 36.41 63.59 
High High Do nothing 90.00 10.00 
High High Herbicide 75.00 25.00 
High High Herbicide digging 80.00 20.00 
High High Bulldozer 90.00 10.00 
High High Steaming 75.00 25.00 
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Table 5.A.4 The deterministic table for the deterministic node ‘loss of native plants’ in the BN model. 
Node: Natural habitat to be 
managed 
Node: Habitat recovery 
potential  
Node: management 
alternatives 
Loss of native 
plants 
Low Poor Do nothing acceptable 
Low Poor Herbicide acceptable 
Low Poor Herbicide digging acceptable 
Low Poor Bulldozer acceptable 
Low Poor Steaming acceptable 
Low High Do nothing acceptable 
Low High Herbicide acceptable 
Low High Herbicide digging acceptable 
Low High Bulldozer acceptable 
Low High Steaming acceptable 
Medium Poor Do nothing unacceptable 
Medium Poor Herbicide unacceptable 
Medium Poor Herbicide digging unacceptable 
Medium Poor Bulldozer unacceptable 
Medium Poor Steaming unacceptable 
Medium High Do nothing acceptable 
Medium High Herbicide acceptable 
Medium High Herbicide digging acceptable 
Medium High Bulldozer acceptable 
Medium High Steaming acceptable 
High Poor Do nothing unacceptable 
High Poor Herbicide unacceptable 
High Poor Herbicide digging unacceptable 
High Poor Bulldozer unacceptable 
High Poor Steaming unacceptable 
High High Do nothing acceptable 
High High Herbicide acceptable 
High High Herbicide digging acceptable 
High High Bulldozer unacceptable 
High High Steaming acceptable 
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Table 5.A.5 The deterministic table for the deterministic node ‘loss of invertebrates’ in the BN 
model. 
Node: Natural habitat to be 
managed 
Node: Habitat recovery 
potential  
Node: management 
alternatives 
Loss of 
invertebrates 
Low Poor Do nothing acceptable 
Low Poor Herbicide acceptable 
Low Poor Herbicide digging acceptable 
Low Poor Bulldozer acceptable 
Low Poor Steaming acceptable 
Low High Do nothing acceptable 
Low High Herbicide acceptable 
Low High Herbicide digging acceptable 
Low High Bulldozer acceptable 
Low High Steaming acceptable 
Medium Poor Do nothing unacceptable 
Medium Poor Herbicide unacceptable 
Medium Poor Herbicide digging unacceptable 
Medium Poor Bulldozer unacceptable 
Medium Poor Steaming unacceptable 
Medium High Do nothing acceptable 
Medium High Herbicide acceptable 
Medium High Herbicide digging acceptable 
Medium High Bulldozer acceptable 
Medium High Steaming acceptable 
High Poor Do nothing unacceptable 
High Poor Herbicide unacceptable 
High Poor Herbicide digging unacceptable 
High Poor Bulldozer unacceptable 
High Poor Steaming unacceptable 
High High Do nothing acceptable 
High High Herbicide acceptable 
High High Herbicide digging acceptable 
High High Bulldozer unacceptable 
High High Steaming acceptable 
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Table 5.A.6 The deterministic table for the deterministic nodes ‘loss of microbes’ in the BN model. 
Node: Natural habitat to be 
managed 
Node: Habitat recovery 
potential  
Node: management 
alternatives 
Loss of 
invertebrates 
Low Poor Do nothing acceptable 
Low Poor Herbicide acceptable 
Low Poor Herbicide digging acceptable 
Low Poor Bulldozer acceptable 
Low Poor Steaming acceptable 
Low High Do nothing acceptable 
Low High Herbicide acceptable 
Low High Herbicide digging acceptable 
Low High Bulldozer acceptable 
Low High Steaming acceptable 
Medium Poor Do nothing acceptable 
Medium Poor Herbicide acceptable 
Medium Poor Herbicide digging acceptable 
Medium Poor Bulldozer acceptable 
Medium Poor Steaming acceptable 
Medium High Do nothing acceptable 
Medium High Herbicide acceptable 
Medium High Herbicide digging acceptable 
Medium High Bulldozer acceptable 
Medium High Steaming acceptable 
High Poor Do nothing acceptable 
High Poor Herbicide acceptable 
High Poor Herbicide digging acceptable 
High Poor Bulldozer acceptable 
High Poor Steaming acceptable 
High High Do nothing acceptable 
High High Herbicide acceptable 
High High Herbicide digging acceptable 
High High Bulldozer acceptable 
High High Steaming acceptable 
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Appendix 6.1 The process for structural alterations of the Bayesian Network model. 
 
 
 
(a) 
 
(b) 
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Figure 6.A.1 Three key conceptual models in the process of constructing the Bayesian Network for 
predicting management consequences of P. annua. 
(c) 
 
